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BACKGROUND

The National Research Council’s cuommittees on the Biological Effects
of Ionizing Radiations (BEIR) have prepared a series of reports to advise
the U.S. government on the health consequences of radiation exposures.
The most recent of these reports “Health Risks of Radon and Other
Internally Deposited Alpha-Emitters—BEIR IV” was published in 1988.
The last BEIR report to address health effects from external sources of
penetrating electromagnetic radiation such as x rays and gamma rays was
the report by the BEIR III Committee, “The Effects on Populations of
Exposure to Low Levels of Ionizing Radiation: 1980.” That report relied
heavily on the mortality experience of the Japanese A-bomb survivors from
1950 through 1974 as a basis for the risk estimates it contains. The need for
replacement of the BEIR III report became obvious when it was determined
that the long standing estimates of the radiation exposures received by the
A-bomb survivors, that had been utilized by the BEIR III Committce,
rcquired extensive revision. Following a binational research program by
U.S. and Japanese scientists, a reassessment of A-bomb dosimetry was
largely completed in 1986 and a new program of survivor dose estimation
was initiated by the Radiation Effects Research Foundation (RERF) at
Hiroshima and.Nagasaki. In addition, RERF scientists extended their
follow-up of A-bomb survivor mortality through the year 1985.

In April of 1986, the Office of Science and Technology Policy’s Commit-
tee on Interagency Radiation Research and Policy Coordination (CIRRPC)

asked the National Research Council to form a new BEIR committce to
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vi ' PREFACE

report on the effect of ionizing radiations on the basis of the new infor-
mation that was becoming available. A purchase agreement between the
Oak Ridge Associated Universities, acting for CIRRPC, and the National
Research Council to fund the BEIR V Committee was concluded in June
of 1986.

CHARGE TO THE COMMITTEE

The new BEIR V Committee was asked by CIRRPC to conduct

a comprehersive review of the biological effects of ionizing radiations
focusing on information that had been reported since the conclusion of
the BEIR 111 study, and to the extent that available information pcrmiucd
provide new estimates of the risks of gcnet-c and somatic effects in humans
due to lcw-level exposures of ionizing radiation. These risk estimates
were to address both internal and external sources of radiation, and the
procedure by which these risk estimates are derived was to be documented.
The Committee was also asked to discuss the uncertainty in their risk

.. estimates and, where possible, quanmate these uncertainties including the
consequences of any necessary assumptions. Finally, the Committee was
asked to prepare a detailed final report of their findings in a form suitable
for making health risk assessments and calculating the probability that an
observed cancer may be due to radiation. The conclusions of the BEIR

" IV Committee concerning alpha particle emitters were to be summarized
in this final report to an extent consistent with the BEIR V Committee’s
presentation, but additional review of the scientific literature on the effects

on alpha particle radiation was not required. While the BEIR V Committee -

was asked to summarize radiation risk information in a way that is useful
for formulating radiation cortrol decisions, recommendations on standards

or guidelines for radiation protection were specifically excluded under the,

terms of this study.

ORGANIZATION OF TIIE STUDY

To carry out the charge, the NRC appointed a committee of scientists
expenenced in radiation carcinogenesis, epidemiology, radiobiology, genet-
ics, biostatistics, pathology, radiation dosnmetry, radiology, mathematical
modeling, and risk assessment. The study was conducted under the general
guidance of the Board on Radiation Effects Research of the Commission
on Life Sciences.

To facilitate its work and to augment its expertise so as to encompass a
wider spectrum of scientific subjects, the Committee solicited specific con-
tributions from a number of scientific experts other than its own members.

PREFACE ‘ ' ' vii

These experts participated in the Committee’s deliberations throughout the
course of its work.

The Committee held cight meetings over a period of 30 months—
seven in Washington, D.C,, and one in Woods Hole, Massachusetts. The
sccond meeting, on March 2, and March 3, 1987 included a public meeting,
at which open discussion and contributions from intcrested scientists and
the public at large were invited. In addition, over a dozen meetings of
subgroups of the Committee were held to plan and carry out specific work
assignments.

The Committee organized its work according to the main objectives of
the charge and divided the study into the following categories:

Heritable genetic cfccts.

Cellular radiobiology and carcinogenic mechanisms,
Radiation carcinogenesis.

Radiation effecis on the fetus,

Radiation epidemiology and risk modeling.

The cexpertise of the Committee, including its invited participants, permitted
considerable overlapping of assignments among the different categories,
ensuring interaction between scientific specialists in different disciplines.

NN
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Executive Summary

INTRODUCTION

This report, prepared by the National Research Council’s Committec
on the Biological Effects of Ionizing Radiations (BEIR), is the fifth ina
series that addresses the health cffects of exposure of human populations
1o low-dose radiation. Ionizing radiations arise from both natural and man-
made sources and can affect the various organs and tissues of the body. Late
health effects depend on the physical characteristics of the radiation as well
as biological factors. Well demonstrated late effects include the induction of
cancer, genctically determined ill-health, developmental abnormalities, and
some dcgenerative diseases (c.g., cataracts). Recent concern has centered
on the risks of these effccts following low-dose exposure, in part becausc
of the presence of elevated levels of radon progeny at certain geographical
sites and fallout from the nuclear reactor accidents at Three Mile Island
in Pennsylvania in 1979 and Chernobyl in the USSR in 1986. In addition,
there is concern about radioactivity in the environment around nuclear
facilitics and a need to set standards for cleanup and disposal of nuclear
waste materials,

Since the completion of the 1980 BEIR III report, there have been
significant developments in our knowledge of the extent of radiation expo-
sures from natural sources and medical uses as well as ncw data on the
late health effccts of radiation in humans, primarily the induction of cancer
and developmental abnormalities. Furthermore, advanced computational
techniques and models for analysis have become available for radiation risk
assessment. The largest part of the committee’s report deals with radiation
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2 EFFECTS OF EXPOSURE TO LOW LEVELS OF IONIZING RADIATION

carcinogenesis in humans, primarily because: (1) there is extended follow-
up in major cpidemiological studics, particularly those of the Japancse
A-bomb survivors and radiotherapy paticnts trcated for benign and malig-
nant conditions, and (2) the revision by a binational group of experts of
the dosimetric system for A-bomb survivors in Hiroshima and Nagasaki
allows improved analyses of the Japanese data. The report also addresses
radiation-induced genetic injury and health effects associated with prenatal
irradiation. While only limited application of the advances in our under-
standing of the molecular mechanisms of cancer induction and genctic
discasc is possible, these have been examined with the aim of narrowing
the range of uncertainties and assumptions inherent in the risk estimation
process.

RISK ASSESSMENT

The 1988 BEIR IV report addressed the health effects of exposure to
internally-deposited, alpha-cmitting radionuclides: radon and its progeny,
polonium, radium, thorium, uranium and the transuranic elements. The
current BEIR V Committee report includes information and analyses from
the BEIR IV report that are appropriate for cancer and genctic risk
asscssment. In addition, this report addresses the delayed health effects that
arc induced by low lincar encrgy transfer (LET) radiations such as x rays
and gamma radiation and, where possible, makes quantitative risk estimates
based on statistical analyses of the results of human epidemiological studies
and laboratory animal experiments.

The human data on cancer induction by radiation are extensive; the
most comprehensive studies are of the survivors of the atomic bombings
of Hiroshima and Nagasaki, x-rayed tuberculosis patients, and persons
exposed during treatment for ankylosing spondylitis, cervical caacer, and
tinea capitis. Radiation associated cancer risk estimates have been calcu-
lated for a number of different organs and tissues, including bone marrow
(leukemia), breast, thyroid, lung, and the gastrointestinal organs. To the
extent possible, the biological differenccs among human beings that may
modify susceptibility to radiation-induced cancer have been taken into
account.

Considerable progress has becn made in our understanding of the
mutation process on genes and chromosomes and its expression as genetic
disorders. Due to a lack of direct evidence of any increase in human
heritable effects resulting from radiation exposure, the estimates of genetic
risks in humans are based, primarily, on experimental data obtained with
Jaboratory animals. As in all experimental animal studies, the extent to
which the results can be extrapolated to humans and the confidence that

v
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EXECUTIVE SUMMARY 3

can be placed on such extrapolation remain uncertain. At present, no data
arc available to provide reliablc estimates of the risks of most complex,
multifactorial hereditary disorders. Such risks were not evaluated by the
committee. "

During the past decade, extensive data have become available on the
developmental anatomy of the mammalian brain, and this information
has aided the interpretation of effects observed among Japanese survivors
irradiated in utero during the atomic bombings. New analyses of the data
on A-bomb survivors cxposed in utero, together with the reassessment
of the A-bomb dosimetry, have permitted delineation of the time-specific
susceptibility to radiation-induced mental retardation, the most prevalent
devclopmental abnormality to appear in humans exposed prenatally, and
has allowed the risk of these effects to be estimated.

In preparing risk cstimates, the committee has relied chiefly on its
own cvaluations, using recently developed methods for the analysis of
population cohort data, rather than relying solely on information in the
scientific literature. The Committee recognizes that the application of more
sophisticated statistical methods for estimating risks reduces, but does not
eliminate, the uncertainties inhcrent in risk estimation. Throughout the
Committee’s deliberations consideration was given to both the sources of
uncertainty in the data and the potential effect of the assumptions on which
the risk estimates are based. The degree of uncertainty in the Committee’s
risk estimates is presented as an integral part of the risk 3§timatcs in this
report.

STRUCTURE OF THE REPORT

The report consists of seven chapters. The first chapter reviews the sci-
entific principles, epidemiological methods and the experimental evidence
for the biological and health effects in populations exposed to low levels
of ionizing radiation. Chapter 2 summarizes the scientific evidence for
heritable effects. Chapter 3 includes a discussion of mechanisms involved
in the initiation, promotion and progression of cancer induction. Chapter 4
describes the Committee’s radiation risk models and the total risk of cancer
following whole body exposure. Chapter 5 addresses site-specific cancer
risks in the various organs and tissues of the body. Chapter 6 revicws
the evidence for fetal and other radiation-induced somatic effects, and the
concluding chapter reviews low dose epidemiological studies. :

As in previous reports, the Committee on the Biological Effects of
Ionizing Radiation cautions that the risk estimates derived from epidemio-
logical and animal data should not be considered precise. Information on
the lifetime cancer expericnce is not available for any of the human studies.
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Therefore, the overall risk of cancer can only be estimated by means of
models which extrapolate over time. Likewise, estimates on the induction
of human genetic disorders by radiation are based on limited data from
studies of human populations and therefore rely largely on studies with
laboratory animals. It is expected that the risk estimates derived by the
Committee will be modified as ncw scientific data and improved methods
for analysis become available.

SUMMARY AND CONCLUSIONS

Of the various types of biomedica,llc[rects that may result from irradia-
tion at low doses and low dose rates, a]i\teralions of genes and chromosomes
remain the best documented. Recent siudies of these alterations in cells of
various types, including human lymphocytes, have extended our knowledge
of the rclevant mechanisms and dose-response relationships. In spite of
evidence that the molecular lesions which give rise to somatic and genctic
damage can be repaired to a considerable degree, the new data do not
contradict the hypothesis, at least with respect to cancer induction and
hereditary genetic effects, that the frequency of such effects increases with
low-level radiation as a lincar, nonthreshold function of the dose.

Heritable Effects

The effects of radiation on the genes and chromosomes of reproductive
cells are well characterized in the mouse. By extrapolation from mouse to
man, it is estimated that at least 1 Gray (100 rad) of low dose-rate, low LET
radiation is required to double thc mutation rate in man. Heritable cffccts
of radiation have yet to be clearly demonstrated in man, but the absence
of a statistically significant incrcasc in genetically related discasc in the
children of atomic bomb survivors, the largest group of irradiated humans
followed in a systematic way, is not inconsistent with the animal data, given
the low mean dose level, < 0.5 gray (Gy), and the limited sample size.
The Committee’s estimates of total genetic damage are highly uncertain,
however, as they*include no allowance for diseases of complex genctic
origin, which are thought to comprise the largest category of genetically-
related diseases. To enable estimates to be made for the latter category,
further rescarch on the genetic contribution to such discases is required.

Carcinogenic Effects

Knowledge of the carcinogenic effects of radiation has been signifi-
 cantiy enhanced by further study of such effects in atomic bomb survivors.

EXECUTIVE SUMMARY 5

Reassessment of A-bomb dosimetry at Hiroshima and Nagasaki has dis-
closed the average dose equivalent in each city to be smaller than estimated
heretoforc; furthermore, the neutron component of the dose no longer ap-
pears to be of major importance in either city. As a result, lifetime risk
of cancer attributable to a given dose of gamma radiation now appears
somewhat larger than formerly estimated.

Continued follow-up of the A-bomb survivors also has disclosed that
the number of excess cancers per unit dose induced by radiation is in-
creased with attained age, while the risk of radiogenic cancer relative to
the spontaneous incidence remains comparatively constant. As a result, the
dose-dependent excess of cancers is now more compatible with previous
“relative” risk estimates than with previous “absolute” risk estimates; the
Committee believes that the constant absolute or additive risk model is no
longer tenable.

A-bomb survivors who were irradiated early in life are just now reach-
ing the age at which cancer begins to become prevalent in the general
population. It remains to be determined whether cancer rates in this group
of survivors will continue to be comparable to the increased cancer risk
that has been observed among survivors who were adults at the time of
exposure. For this reason, estimation of the ultimate magnitude of the risk
for the total population is unccrtain and calls for further study.

The quantitative relationship between cancer incidence and dose in
A-bomb survivors, as in other irradiated populations, appears to vary,
depending on the type of cancer in question. The dose-dependent excess
of mortality from all cancer other than leukemia, shows no departure from
linearity in the range below 4 sicvert (Sv), whereas the mortality data for
leukemia are compatible with a lincar-quadratic dose response relationship.

In general, the dose-response relationship for carcinogenesis in labo-
ratory animals also appears to vary with the quality (LET) and dose ratc of
radiation, as well as sex, age at exposure and other variables. The influence
of age at exposure and sex on the carcinogenic response to radiation by
humans has been characterized to a limited degree, but changes in response
due to dose rate and LET have not been quantified. ,

Carcinogenic effects of radiation on the bone marrow, breast, thyroid
gland, lung, stomach, colon, ovary, and other organs reported for A-
bomb survivors are similar to findings reported for other irradiated human
populations. With few exceptions, however, the effects have been observed
only at relatively high doses and high dose rates. Studies of populations
chronically exposed to low-level radiation, such as those residing in regions
of elevated natural background radiation, have not shown consistent or
conclusive evidence of an associated increase in the risk of cancer.

For the purposes of risk assessment, the Committee summarized the
epidemiological data for each tissue and organ of interest in the form
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of an exposure-time-response model for relative risk. These models were
fitted to the data on numbers of cascs and person-years in relation to dose
equivalent, sex, age at exposure, time after exposure, and attained age.
Standard lifetable techniques were used to estimate the lifetime risk for
each type of cancer bascd on these fitted models.

On the basis of the available evidence, the population;weighted average
lifetime excess risk of death from cancer following an acute dose equivalent
to all body organs of 0.1 Sv (0.1 Gy of low-LET radiation) is estimated
10 be 0.8%, although the lifetime risk varies considerably with age at the
time of exposure. For low LET radiation, accumulation of the same dose
over weeks or months, however, is expected to reduce the lifetime risk
appreciably, possibly by a factor of 2 or more. The Committee’s estimated
risks for males and females arc similar. The risk from exposure during
childhood is estimated to be about twice as large as the risk for adults, but
such estimates of lifetime risk are still highly uncertain due to the limited
follow-up of this age group. :

The cancer risk estimates derived with the preferred models used
in this report are about 3 times larger for solid cancers (relative risk
projection) and about 4 times larger for leukemia than the risk estimates
presented in the BEIR III report. These differences result from a number
of factors, including new risk models, reviscd A-bomb dosimetry, and more
extended follow-up of A-bomb survivors. The BEIR III Committee’s linear-
quadratic dosc-response model for solid cancers, unlike this Committec’s
linear model, contained an implicit dosc rate factor of nearly 2.5; if this
factor is taken into account, the relative risk projections for cancers other
than lcukemia by the two committces differ only by a factor of about 2.

The Committee cxamined in some detail the sources of uncertainty
in its risk estimates and concluded that uncertainties due to chance sam-
pling variation in the available cpidemiological data are large and more
important than potential biases such as those due to differences between
various cxposed cthnic groups. Duc to sampling variation alone, the 30%
confidence limits for the Committee’s preferred risk models, of increased
cancer mortality duc to an acute wholc body dose of 0.1 Sv to 100,000
males of all ages range from about 500 to 1,200 (mean 760); for 100,000
females of all ages, from about 600 to 1,200 (mean 810). This increase in
lifetime risk is about 4% of the current baseline risk of death due to cancer
in the United States. The Committee also estimated lifetime risks with a
number of other plausible linear models which were consistent with the
mortality data. The estimated lifetime risks projected by these models were
within the range of uncertainty given above. The committee recognizes
that its risk estimates become more uncertain when applied to very low
doses. Departures from a linear model at low doses, however, could cither
increase or decrease the risk per unit dose.

LD fage g
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Mental Retardation

The frequency of severe mental retardation in Japanese A-bomb sur-
vivors exposed at 8-15 weeks of gestational age has been found to increase
more steeply with dose than was expected at the time of the BEIR III
report. The data now reveal the magnitude of this risk to be approximately
a 4% chance of occurrence per 0.1 Sv, but with less risk occurring for expo-
sures at other gestational ages. Although the data do not suffice to define
precisely the shape of the dose-effect curve, they imply that there may be
little, if any, threshold for the effect when the brain is in its most sensitive
stage of development. Pending further information, the risk of this type of
injury to the developing embryo must not be overlooked in assessing the

- health implications of low-level exposure for women of childbearing age.

RECOMMENDATIONS

There are a number of important radiobiological problems that must
be addressed if radiation risk estimates are to become more useful in
meeting societal needs. Assessment of the carcinogenic risks that may be
associated with low doses of radiation entails extrapolation from eflects
obscrved at doses larger than 0.1 Gy and is based on assumptions about
the relevant dose-effect relationships and the underlying mechanisms of
carcinogenesis. To reduce the uncertainty in present risk estimation, better
understanding of the mechanisms of carcinogenesis is needed. This can be
obtained only through appropriate experimental research with laboratory
animals and cultured cells.

While experiments with laboratory animals indicate that the carcino-
genic cffectiveness per Gy of low-LET radiation is generally reduced at low
doses and low dose rates, epidemiological data on the carcinogenic effects
of low-LET radiation arc restricted largely to the effects of exposures at
high dosc rates, Continued rescarch is needed, therefore, to quantify the
extent to which the carcinogenic cflectiveness of low-LET radiation may be
reduced by fractionation or protraction of exposure.

The carcinogenic and mutagenic effectiveness per Gy of neutrons
and other high-LET radiations remains constant or may even increasc
with decreasing dose and dose rate. For reasons which remain to be
determined, the relative biological effectiveness (RBE) for cancer induction
by neutrons and other high-LET radiations has been observed to vary
with the type of cancer in question. Since data on the carcinogenicity
of neutrons in human populations are lacking, further research is needed
before confident estimates can be made of the carcinogenic risks of low-
level ncutron irradiation for humans. Similarly, the relative mutagenic
cflectiveness of ncutron and other high LET radiation varies with the
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specific genetic end point. Therefore, additional data are also needed on
the mutagenicity of low neutron doses to permit more confident projection
of genetic risks from animal data to man.

The cxtrapolation of animal data to the human is necessary for genetic
risk assessment. No population appears to exist, other than the A-bomb
survivors, that could provide a substantial basis for genetic epidemiological
study. The scientific basis of the extrapolation must therefore rely upon
cellular and molecular homologies. Research needs in this area are clear.

As noted previously, the Committee’s genetic risk assessment did not
attempt to project risk for the category of diseases with complex genetic
etiologies. Because genetically related disorders comparable to those in this
heterogeneous category of human disorders may have no clearly definable
counterparts in laboratory and domestic animals, the required research
should be directed towards human discases whenever feasible.

The dose-dependent increase in the frequency of mental retardation in
prenatally irradiated A-bomb survivors implies the possibility of higher risks
to the embryo from low-level irradiation than have been suspected hereto-
fore. It is important that appropriate epidemiological and experimental
research be conducted to advance our understanding of these effects and
their dose-effect relationships.

Finally, further epidemiological studies are needed to measure the
cancer excess following low doses as well as large doses of high and low
LET radiation. Most of the A-bomb survivors are still alive, and their
mortality experience must be followed if reliable estimates of lifetime risk
are to be made. This is particularly important for those survivors irradiated
as children or in utero who are now entering the years of maximum cancer
risk. Studies on populations exposed to internally deposited radionuclides
should be continued to assess the risks of nuclear technologies and the
cffects of radon progeny. Low-dose epidemiological studies may be able to
supply information on the extent to which effects observed at high doses
and high dose rates can be relicd on to estimate the effects duc to chronic
exposures such as occur in occupational environments. The reported follow-
up of A-bomb survivors has been essential to the preparation of this report.
Nevertheless, it is only one study with specific characteristics, and other
large studics are needed to verify current risk estimates.

1

Background Information and
Scientific Principles

PITYSICS AND DOSIMETRY OF IONIZING RADIATION

All living matter is composed of atoms joined into molecules by clec-
tron bonds.. lonizing radiation is cnergetic enough to displace atomic
electrons and thus break the bonds that hold a molecule together. As
described below, this produces a number of chemical changes that, in the
case of living cells, can lead to cell death or other harmful effects. Ion-
izing radiations fall into two broad groups: 1) particulate radiations, such
as high cnergy eclectrons, ncutrons, and protons which ionize matter by
dircct atomic collisions, and 2) clectromagnetic radiations or photons such
as x rays and gamma rays which ionize matter by other types of atomic
interactions, as described below.

Absorption and Scattering of Photons

Photons ionize atoms through three important encrgy transfer proc-
csscs: the photoelectric process, Compton scattering, and pair production.
For photons with low encrgics (<0.05 megaelectron volt [MeV]) the pho-
toelectric process dominates in tissue. The photoelectric process occurs
when an incoming photon interacts with a tightly bound electron from
one of the inner shells of the atom, and causcs the elcctron to be ejected
with sufficient energy to escape the atom. Characteristic x rays and Auger
clectrons follow from this process, but the biological effects are duc mainly
to excitations and ionizations in molccules of tissue caused by the ejected
clectron. The probability of the photoclectric process occurring is strongly

9
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dependent on the average atomic number of the tissue with an cqually
strong inverse dependence on the photon energy.

At higher photon energies (0.1-10 MceV), Compton scattcring is the
most probable process that takes place in irradiated tissue. It occurs when
the photon energy greatly exceeds the clectron binding encrgy, so that an
orbital clectron appears to the photon as a free electron. The photon
scatters off the clectron, giving up part of its energy to the electron, which
proceeds to ionize and excite tissuc molecules. The scattercd photon with
reduced energy continues to intcract with other clectrons and repeats the
above process many times until the photon either escapes the absorbing
material or its energy is sufficicntly degraded for the photoclectric process
to occur. Within the energy range of 0.1-10 MeV, the Compton process
has a modest dependence on cnergy and is almost independent of atomic
number.

Above a threshold encrgy of 1.02 MeV, the pair-production process is
possible. Here a photon converts its energy in the presence of an atomic
nucleus to a positron-electron pair, which, in turn, proceeds to interact with
tissuc atoms and molecules, leading to eventual biological effects. When
the positron slows down it is almost always annihilated with an electron,
producing two 0.511 MeV photons. The probability of pair-production in
tissue increases slowly with photon encrgy but does not outweigh that of
the Compton process until the photon encrgy reaches 20 MeV. The process
depends upon the average atomic number of the tissue.

Photon Spectral Distributions

As scen from the description prescnted above, the absorption and
scattering of photons depend critically on photon energy. The initial photon
energy depends on the source of the radiation. Gamma rays resulting from
radioaclive decay consist of monocnergetic photons with energies that do
not excced several McV in encrgy. Because of scattering and absorption
within the radioactive source itself and in the encapsulating material, the
photons that are cmitted do have a spectrum of energies but it is fairly
narrow.

Relatively broad energy distributions are the rule for x-ray photons
produced from electrical devices. X rays are effectively produced by the
rapid deceleration of charged particles (usually electrons) by a material of
high atomic number. This results in a continuous distribution of energies
with a maximum at an energy about one third that of the most energetic
electron. As photons interact with matter, their spectral distribution is
further altered in a complex manner as the photons transfer energy to the
absorbing medium by the processes described above.
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Electron Spectral Distributions and LET

When monoenergetic photons interact with a tissue medium, the elec-
trons that are set in motion, particularly from the Compton process, pro-
ceed to interact with the atoms and molecules of the medium, losing energy
through collisions and excitations, and arc scattered in the process. The
result is a complex shower of electrons, the energy distribution of which is
continuously degraded as the electrons give up their energy to the medium
at a rate defined by the clectron stopping power of the medium. As the
electron proceeds through tissue, it creates a track of excited and ionized
molecules that, for energetic clectrons, are relatively far apart. For exam-
ple, the dimension of this spacing is such that there is a finitc probability
that the cnergetic electron can pass through a DNA molecule, with about
3 nm scparating the two strands, without releasing any of its encrgy and
therefore without causing damage. The spatial energy distribution, stated
in terms of the amount of energy deposited per unit length of particle
track, is defined as the linear energy transfer (LET) of the radiation. X rays
and gamma rays set in motion clectrons with a relatively low spatial rate of
energy loss and thus are considered /low LET radiations. The photon and
electron energy degradation processes described above result in a broad
distribution of LET values occurring in irradiated tissue. A typical value
of LET for the electrons set in motion by cobalt-60 gamma rays (average
energy 1.25 MeV) would be about 0.25 keV/um. This can be contrasted
with a densely ionizing 2 MeV alpha particle which produces about 1000
times more ionization per unit distance, 250 keV/um. Such particles are
characterized as high LET radiation. Knowledge of LET is important when
considering the relative biological effectiveness (RBE) of a given radiation;
LET is commonly used as a mcasure of radiation quality, as discussed
below.

Microdosimetry

Various limitations in the concept of LET and absorbed dose in sub-
cellular tissue volumes led to the introduction of microdosimetry. Mi-
crodosimetry takes account of the fact that energy deposition by ionizing
radiations is a stochastic (random) process. Identical particles of the same
energy interacting in a small volume of material deposit diffcring amounts
of energy due to chance alone. The specific energy, z, is defined as the
ratio ¢/m where ¢ is the energy imparted by a single ionizing particle in
a volume element of mass m. The mean value of z for a large number
of particles is equal to the absorbed dose. The microdosimetric analogue
to LET is the quantity lineal energy, defined as ¢/d, where d is the mean
chord length in the volume occupicd by mass m. Distributions of absorbed
dose in terms of lineal energy can be measured by proportional counters
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filled with tissue-equivalent gas at pressure levels appropriate for simulating
spheres of tissue with diameters on the order of 1 pm. The principles of
microdosimetry are extensively discussed in the BEJR IV report (NRC88)
and ICRU report 36 (ICRU83).

Energy Transfer—Kerma and Absorbed Dose

The transfer of energy from photons to tissue takes place in two stages:
(1) the interaction of the photon with an atom, causing an electron to be set
in motion, and then (2) the subsequent absorption by the medium of kinetic
cnergy from the high energy electron through excitation and jonization.

The first stage can be identified with the quantity called kerma, K,
which stands for kinetic energy relcased in the material.

K = dE/dm, where dE, is the kinetic energy transferred from pho-
tons to electrons in a volume element of mass dm.

The second stage, energy absorption, is more important for under-
standing radiobiological effects. The absorbed dose, the energy absorbed
per unit mass, differs from kerma in that the dose may be smaller due
to lack of charged particle equilibrium, bremsstrahlung escaping from the
medium, etc. Another difference is that the kerma refers to energy trans-
fer at a point, whereas the encrgy is absorbed over a distance equal to
the electron range. Of the two quantities, absorbed dose is the easier
one to approach experimentally and can be determined by a number of
well-defined techniques, including gas ionization methods, calorimetry, and
thermoluminescent techniques. On the other hand, kerma is often more
easily calculated. '

Radiation Chemical Effects Following Energy Absorption

After the electron produced by a photon interaction passes through
tissue, exciting and ionizing atoms and molecules, a number of important
chemical events that precede the biological effects take place. Most of
the cnergy absorption takes place in water, since cells are made up of
more then 70% water. When an ionizing particle passes through a water
molecule, it may ionize it to yield an ionized water molecule, H,O%, and
an electron by the reaction:

radiation

H20—+H20+ +e—.

The electron can be trapped, polarizing water molecules to produce the

, so-called hydrated electron, e,,. On the other hand, the jonized water
:molecule, HO*, reacts at the first collision with another water molecule
. to produce an hydroxyl radical, OH* according to the reaction:
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H,0% 4 H,0 — OH" 4 H30%.

The frce radical OH® has an unpaired electron and is therefore highly
reactive as it seeks to pair its electron to reach stability. At the high
initial concentrations, certain back reactions occur producing hydrogen
molecules, hydrogen peroxide and water. The initial species produced in
water radiolysis can then be written as:

radiation

H,0

eaqu.iH2o2iH2-

Instead of being ionized, the water molecule may simply be excited
according to the reaction:

radiation

H,0 28N 1. 0r,

where H,O* is the cxcited molecule. But H,O* soon breaks up into the
H°* radical and the OH°* radical according to:

H,O" — H* + OH°.

As a result of the above processes, three important reactive specics are
produced: the aqueous electron, OH®, and H°®, with initial relative yields
of about 45%, 45%, and 10%, respectively. These reactive species attack
molecules in the cell leading to the production of biological damage. The
OH"* radical is believed to be the most effective of the three species in
causing damage. Because it is an oxidizing agent, it can abstract a hydrogen
atom from the deoxyribose moiety of DNA, for example, yielding a highly
reactive site on DNA in the form of a DNA radical. Since this process
arises from the irradiation of a water molecule rather than the DNA itsclf,
the process is known as the indirect effect. Electrons set in motion by
photons can, of course, dircctly excite or ionize ccll macromolecules by

- direct interaction with the critical molecule. This is called the direct effect.

Both mechanisms can produce cellular damage. There is strong evidence
that the DNA is the most critical site for lethal damage, but other sites
such as the nuclear membrane or the DNA-membrane complex may also
be important.

Ward (Wa88) has derived an approximation of the damage yields
expected in various moieties of DNA within an irradiated cell, in which
consideration is given to the direct deposition of energy in DNA and other
molecules. Table 1-1 shows the amount of cnergy deposited per Gray in
each moiety of DNA within a cell that is assumed to contain 6 pg of DNA.
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TABLE 1-1 Amount of Energy Deposited in DNA
per Cell per Gray
’ Mass per Cell eV Number of

Constituent (pg) Deposited &)-cV Events
Deoxyribase 2.3 14,000 235

Bascs 24 14,700 245
Phosphate 1.2 7,300 120

Bound water 3.1 19,(KX) 315

Inner hydration 4.2 25,000 415
SOURCE: J. F. Ward, C. L. Limoli, P. Calabro-Jones, and J. W. Evans
(Wai8).

Calculated from this is the number of events since 60 eV is the average
amount of energy deposited per event.

The yiclds of DNA damage necessary to kill 63% of mammalian
cells (63% of cells killed means that, on average, each ccll has sustained
one lethal event) can be assessed for various lethal agents (Wa88), as
shown in Table 1-2. The high cfficicncy with which jonizing radiation (and
bleomycin) kill cells is not simply due to individual OH radical-induced
lesions, as witnessed by the large-scale production of single-strand breaks
with hydrogen peroxide. Ward et al. (WA87) suggest that the efficiency of
cell killing by ionizing radiation at relatively low levels of DNA damage is
due to the production of damage in more than one moiety in a localized
region, i.e., lesions resulting from multiply damaged sites in a single location
or locally multiply damaged sites (LMDS).

Recent studies (Wi85, Gr85, Ei81), as analyzed by Ward (Wa88), sup-
port the importance of indirect eflccts of ionizing radiation in producing
damagc to intraccllular DNA. This is of particular significance in view of
the suggestion that most intracellular DNA damage is causcd by direct
jonization and that radicals produced in water cannot access the macro-
molccule. It appears from the above analysis (Wa88) that the volume of
water in the DNA-histone complex (nucleosome) is at least equal to the
DNA volume and that radiation-produced OH radicals in the water volume
have rcady access to the DNA molecule. :

Some of the current assessments of DNA damage caused by ionizing
radiation in mammalian cells (Wa88) are as follows: (1) direct and indirect
effects are both important; (2) the quantity of damage produced by ionizing
radiation is orders of magnitude lower than for most other agents for equal
cell-killing cfliciency; (3) individual damage moictics are not biologically
significant since they can be repaired readily by using the undamaged DNA
strand as a template; (4) LMDS are more likely the lethal lesion in cellular
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TABLE 12 Yields of DNA Damage Necessary to Kill 63% of the
Cells Exposed

Number of Lesions

Agent DNA Lesion per Cell per Dy,”
lonizing radiation ssB 1,000
dsB ' 40
Total LMDS" 440
b . DPC* 150
comycin A2 ssB 150
) dsB 30
UV light T<>T dimer 400,000
ssB 100
Hydrogen peroxide
0° ssB
Y : <2,600,000
Bcnzo[g]pyrcne 4,5-oxide Adduct 100,000
Aﬂ:.lloxm s Adduct l():()()()
I-Nllropyrene Adduct 400,000
Methylnitrosourea 7-Methylguanine 800,000¢
0®Methylguanine 130,000¢
: 3-Methyladenine ‘ 30,000¢
2-(N-Acetoxy-N-acetyl)amino-fluorene Adduct 700,00

Other similar aromatic amides produce about the same number of adducts per lethal event

a

Dj7 = dose of agent required to reduce survival of
R cells to 37% of the number ¢ d.
rCaIculated. LMDS = locally multiply damaged sites. b
dD[’C = DNA-protein cross-links.

Dy; calculated from individual exposures; no survival curves available.

SOURCE: J. F. Ward, C. L. Limoli, P, Calabro-Jones, and J. W. Evans (Wa8s).

DNA; these result frf)m a high local energy deposition in the DNA (in
Sl.!C!l a volum.e, multlp_lc radicals cause multiple lesions locally); (5) the
individual lesions making up an LMDS can be widely separated on the

opposite strands of the DNA,; if they are separated 100 much, t
be repaired as individual lesions. P »they eould

Physics and Dosimetry of Iligh-LET Radiation (Neutrons)
Interactions of Neutrons with Tissue Elements

) .When neutrons imgingf: on a tissue medium, they will cither penetrate
it w1thout. Interacting with its constituent atoms or they will interact with
Its atoms in one or more of the following ways: (1) elastically, (2) inelasti-

cally, (3) nonelastically, (4) by capture reacti :
processes. Y, (4) by cap ctions, or (5) through spallation
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Elastic scattering is the most important interaction in tissue irradiated
with neutrons at energies below 20 MeV. This would include the energy
range for fission neutrons (<10 MeV), neutrons produced with 16 MeV
deuterons bombarding a beryllium target (<20 MeV), and neutrons pro-
duced with 150 keV deuterons on tritium (<20 MeV). The neutron, an
uncharged particle, interacts primarily by collisions with nuclei in the ab-
sorbing medium. If the total kinetic energy of the neutron and the nucleus
remains unchanged by the collision, the collision is termed clastic. During
an elastic collision, the maximum energy is transferred from the neutron to
the nucleus if the two masses arc equal. In soft tissue, the most important
neutron interaction is with hydrogen. There are three rcasons for this:
(1) Nearly two-thirds of the nuclei in tissue are protons, (2) the energy
transfer with protons is maximal (about one-half), and (3) the interaction
probability (cross-section) for hydrogen is larger than that for any other
element. The result is that about 90% of the energy absorbed in tissue from
neutrons with energy of less than 20 MeV comes from protons that are
recoiling from elastic collisions. The remaining energy is absorbed by other
recoiling tissue nuclei in the following decreasing order of importance:
oxygen, carbon, and nitrogen.

Inelastic scattering refers to reactions in which the neutron interacts
with the nucleus but is promptly reemitted with reduced energy and usually
with a changed direction. The scattering nucleus, which is left in an excited
state, then emits a nuclear deexcitation gamma ray. For neutrons with
kinetic cnergies of greater than 10 MeV, inelastic scattering contributes to
energy loss in tissue; about 30% of the encrgy deposited in tissue by 14-McV
neutrons, for example, comes from inelastic interactions. The important
inelastic interactions of neutrons in soft tissue are not with hydrogen but
with carbon, nitrogen, and oxygen.

Nonelastic scattering defines reactions in which the neutron-nucleus
interaction results in the emission of particles other than a single neutron
such as alpha particles and protons [e.g., '$O(n,a)'3C, N(n,p)!*C]. The
cross-sections for nonelastic scattering in tissue become significant at en-
ergies greater than 5 MeV and increase as the neutron energy approaches
15 MeV. These reactions are usually accompanied by deexcitation gamma
rays, but their importance is due to the high LET of the charged particles
emitted, especially alpha particles. At neutron energics greater than 20
MeV, even though nonelastic cross-sections do not increase appreciably,
nonelastic processes become increasingly important contributors to the to-
tal dose because of the increascd average energy of the charged particles
resulting from the interaction.

The capture of low-energy ncutrons in the thermal and ncar-thermal
regions provides a significant contribution to tissue dose. The reactions of
importance are *N(np)!4C and 'H(n,y)*H. The former reaction produces
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locally absorbed energy of 0.62 MeV from the proton and the recoil nucleus.
The latter reaction yields a 2.2-MeV gamma ray that, in general, deposits
cnergy at a distance from the capture site and that has a rcasonable
probability of escaping altogethcr from a mass as large as a rodent. For
thermal neutrons the '4N(,p)!4C reaction is the major contributor of
absorbed energy in tissue samples with a dimension of less than 1 cm
because of the short range (<10 um) of the 0.58-MeV proton. However,
for larger masses of tissue (e.g., the human body), the 2.2-MeV gamma
rays from the 'H(n,7)?H rcaction are a significant dose contributor.

In the spallation process the neutron-nucleus interaction results in the
fragmentation of the nucleus with the emission of several particles and
nuclear fragments. The latter arc heavily ionizing, so the local energy
deposition can be high. Several neutrons and deexcitation gamma rays also
can be emitted, yielding encrgy carriers that escape local energy deposition.
The spallation process does not become significant until neutron energies
are much greater than 20 McV.

In summary, elastic and nonelastic scattering and the capture process
arc by far the most important reactions in tissue for ncutrons in the fission
energy range. Inelastic and nonelastic scattering begin at about 2.5 and 5
MeV, respectively, and become important at an encrgy of about 10 MeV,
As the ncutron energy goes higher, nonelastic scattering and spallation
rcactions increase in importance, and elastic scattering becomes of less
importance for energies greater than 20 MeV.

POPULATION EXPOSURE TO I@&IZING RADIATION
IN TIIE UNITED STATES '

A new assessment of the average exposure of the U.S. population
to jonizing radiation has recently been made by the National Council on
Radiation Protection and Mcasurcments (NCRP87b). Six main radiation
sources were considered: natural radiation and radiation from the following
five man-made sources: occupational activitics (radiation workers), nuclear
fuel production (power), consumer products, miscellancous cnvironmental
sources, and medical uses.

For each source category, the collective effective dose cquivalent was
obtained from the product of the average per capita effective dose equiv-
alent reccived from that source and the estimated number of people so
cxposed. The average cffcctive dose cquivalent for a member of the U.S.
population was then calculated by dividing the collective cflective dose
cquivalent value by the number of the U.S. population (230 million in
1980). As discussed below, the dose cquivalent is defined as the product
of the absorbed dose, D, and the quality factor Q, which accounts for
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TABLE 1-3 Average Annual Effective Dose Equivalent of Ionizing
Radiations to a Member of the U.S. Population

Dosc Equivalent”

Effective Dose Equivalent

Source ) mSv mrem - mSv %
Natural
Radon® 24 2,400 2.0 55
Cosmic 0.27 27 0.27 8.0
Terrestrial (.28 28 0.28 8.0
Internal 0.39 k] 0.39 1
Total natural — — 3.0 82
Artificial
Medical .
x-ray diagnosis 0.39 9 0.39 11
Nuclear medicine 0.14 14 0.14 4.0
Consumer products 0.10 10 0.10 3.0
Other
Occupational 0009 - 0.9 <0.01 <03
Nuclear fuel cycle <0.0 <10 <{).01 <0.03
Failout <0.01 <10 <0.01 - <003
Miscellancous” <0.01 <L0 <0.01 <0.03
Total artificial —_ —_ 0.63 18
Total natural and
3.6 i

artificial — —

“To soft tissucs.
*Dose equivalent to bronchi from radon daughter products, The assumed weighting factor

for the cffective dose equivalent relative to whole-body exposure is (.08,
 Department of Energy facilities, smelters, transportation, etc.

SOURCE: National Council on Radiation Protection and Measurements (NCRP87b).

differences in the relative biological effectiveness of different types of ra-
diation. The effective dose equivalent relates. the dose-equivalent to risk.
For the case of partial body irradiation, the eflective dose equivalent is
the risk-weighted sum of the dose equivalents to the individually irradiated
tissues. '

As seen in Table 1-3 and Figure 1-1, three of the six radiation sources,
namely radiation from occupational activities, nuclear power production
(the fuel cycle), and miscellaneous environmental sources (including nuclear
weapons testing fallout), contribute negligibly to the average eflective dose
equivalent, i.e., less than 0.01 millisievert (mSv)/year (1 [mrem]/year).

A total average annual eflective dose equivalent of 3.6 mSv (360
mrem)/year to members of the U.S. population is contributed by the other
three sources: naturally occurring radiation, medical uses of radiation, and
radiation from consumer products. By far the largest contribution (82%)
is made by natural sources, two-thirds of which is caused by radon and its
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INTERNAL  11%
{Inslde
Human
Body)

TERRESTRIAL 8%
(Rocks & Soll)

MEDICAL Xrays 11%

COSMIC 8%
(Outer Spacs)

Occupational 0.3%
Fallout <0.3%
Nuclear

Fuel Cycle  0.1%
Miscellaneous  0.1%

decay products. Approximately equal contributions to the other one-third
con3e from cosmic radiation, terrestrial radiation, and internally deposited
radionuclides. The importance of environmental radon as the largest source
of human exposure has only recently been recognized.

The remaining 18% of the average annual effective dose equivalent
consists of radiation from medical procedures (x-ray diagnosis, 11% and
nuclear medicine, 4%) and from consumer products (3%). The contribution
by medical procedures is smaller than previously estimated. For consumer
products, the chief contributor is, again, radon in domestic water supplics
although building materials, mining, and agricultural products as well as,
coal burning also contribute. Smokers are additionally exposed to the
natural radionuclide polonium-210 in tobacco, resulting in the irradiation
of a small region of the bronchial epithelium to a relatively high dose (up to
0.2 Sv per ye.?\r) that may cause an increased risk of lung cancer (NCRP84),
- Uncertainties exist in the data shown in Table 1-3. Uncertaintics
for exposures from some consumer products are greater than those for
exposures from cosmic and terrestrial radiation sources. The estimates
for the most important exposure, that of lung tissue to radon and its
decay products, have many associated uncertainties, Current knowledge
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of the average radon concentration, the distribution of radon indoors in
the United States, and alpha-particle dosimetry in lung tissue is limited.
In addition, knowledge of the actual effective dose equivalent is poorly
quantificd. Further unccrtaintics are caused by difficultics in combining
data for exposurc from different sources that actually are from different
years, mainly from 1980 to 1983.

RADIOBIOLOGICAL CONCEPTS

Experiments on radiation-induced cell killing have given rise to a
number of radiobiological principles and concepts. Many of thesc principles
and concepts are inferred to apply to mutagenesis and carcinogenesis, as
well as 1o cell killing, although this is often not known for certain since it is
not possible to perform comparable experiments with all of these endpoints.
Some of the major concepts are discussed below.

The first concept is that the principal target for radiation-induced cell
killing is DNA. Although it is not the exclusive target, it is generally the most
consequential. While the evidence for this conclusion is circumstantial, it is
also convincing (Le56). As noted above, the consequences of the absorption
of radiant cnergy arise from excitations and ijonizations along the tracks
of the charged particles that are set in motion when radiant energy is

_absorbed. Biological damage may be a consequence of a direct interaction
between the charged particles and the DNA molecule, or the biological
effects may be mediated by the production of free radicals (Mi78). In the
latter case, which is the indirect action of radiation, the absorption of the
radiation may occur in, for example, a water molecule, and the consequent
{ree radical produced may diffuse to the DNA, where it gives up its energy
to produce a biological lesion. In the case of sparsely ionizing radiations,
such as x rays and gamma rays, about two-thirds of the biological eflects
are produced by this indirect action, and this component of the radiation
damage is amenable 10 modification by a variety of physical and chemical
factors. As the quality of the radiation changes from low to high LET, the
balance shifts from the indirect action to the direct action.

The second major concept concerns the shape of the dose-response
relationship. With cell lethality, R, as the endpoint, the dose-response
relationship for low-LET radiations often approximates a linear-quadratic
function of the dose, D.

R=aD+ gD%

The relative importance of the linear and quadratic terms varies widely
for different cells and tissues. The ratio o/, which is the dose at which
the linear and quadratic contributions to the biological effect are equal,
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may vary from about 1 Gray (Gy) to more than 10 Gy. As the LET of
the radiation is incrcased, the ratio «/f also increases for a given cell
or tissue, and for very high LET radiations, survival (1-R) approximates
an cxponential function of dose at doses of interest. For carcinogenesis
in laboratory animals, dose-response relationships with a wide variety of
shapes have been reported. At higher doses there is the complication of a
balance between increased cell transformation and increased cell Killing.

The linear-quadratic formulation had its origins in the 1930s, when
it was used to fit data for radiation induced chromosome aberrations
(Sa40). Many chromosome aberrations appear to be the consequence of
the interaction between breaks in two separate chromatids. This applies
to aberrations, such as dicentrics, that lead to cell lethality, as well as
to aberrations such as translocations that, in some cases, lcad to cancer
through the activation of an oncogene.

Thus, the interpretation of the linear-quadratic formulation is that the
characteristic shape of the dose-response curve reflects a predominance of
single-track events, which are proportional to the dosc at low doses and low
dose rates, and of two-track events which are proportional to the square of
the dose and result in the upward bending of the cancer induction curve at
high doses received at high dose rates.

This biophysical model has been challenged in recent years, largely on
the basis of data with soft x rays, which are highly effective biologically
even though the length of the secondary tracks they produce is too short
to enable a single track to break two independent chromosomes (Th86).
Hence, although the data have been interpreted in terms of the morc
conventional linear-quadratic formulation (Br88), an alternative model has
been proposed in which all biological damage is presumed to result from
single track effects, with the additional factor of a repair process that
saturates at higher doses. Biological experiments that allow an unequivocal
choice 1o be made between the models have not yet been performed.

The third concept is that the biological consequence of a given dose
of radiation varies with the quality of the radiation. With cell killing as
the endpoint, the relative biological effectiveness (RBE) of many types of
radiation has been studied in detail (Ba63). Although the RBE varies with
the LET of the radiation, it also varies with the dose, dose rate, type of ccll
or tissue used to score the biological effect, and the endpoint in question
(Br73, Ba68). The pattern of variation of the RBE with LET appears to be
similar for mutagenesis as for cell killing, but it has not been established
to be the same for carcinogencsis as an endpoint. The quality factor (Q)
rather than RBE is widely used in radiation protection. The International
Commission on Radiological Protection (ICRP) has suggested, however,
that the quality factor should be bascd on a microdosimetric.quantity such
as lineal energy (ICRUS6). .
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For cell lethality as an endpoint, cell sensitivity to radiation varies as a
function of its stage in the cell cycle. This is the fourth major radiobiological
concept. In general, cells are most sensitive in the G2 phase or in mitosis,
and they are most resistant during the phase of DNA synthesis (Si66,
Ter63). In the case of mutagenesis, it appears, in some instances at least,
that thc most sensitive phase of the cycle is G;. There is little or no
information concerning the variation of cellular sensitivity with the phase
of the cell cycle for oncogenic transformation in vitro.

The fifth concept is that the effect of a given dose may be influenced
greatly by the dose rate. The influence of the dose-rate effect has been
widely studied and is well established for ccll lethality as an endpoint (Ha64,
Ha72). In general, the cffectivencss of a given dose tends to decrease with
decreasing dose rate. In the case of low-LET radiations, the reduced
effectiveness of a dosc dclivered at low dose rates is a consequerice of the
interaction of a number of factors, most notably the repair of sublethal
damage, the redistribution of the cells within the mitotic cycle, and the
compensatory cellular proliferation during a protracted exposure. In the
case of high-LET radiations, the dosc-rate effect is much reduced, at least
those components of it that are a consequence of repair and redistribution.
These general considerations appear to be equally valid for mutagenesis
and carcinogenesis, although there is some evidence that for high-LET
radiations, protracting an exposure may lead to an increase in the induction
of cancer and mutations (Ha79, 80, He88, Hig4, Vo81, Ul84, and Fr77) in
some situations.

There is the important practical problem of allowing for dose-rate
effects in the analysis of site-specific cancer risks (see Chapter 4.) The
cumulative knowledge of dose rate factors in experimental radiobiology
was summarized in NCRP Report 64 (NCRP80) and has becn discussed in
several reports of the United Nations Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR) concerned with risk cstimates for the
carcinogenic cffects of radiation (UN77, UN86). These reports noted that
any valuc from 2 to 10 for the extent to which a given dose of low-
LET radiation may be assumed to decrcase in effectiveness at low dose
ratcs, could be rationalized on the basis of experiments with laboratory
animals, but suggested a factor of 2.5 for use in risk assessment for human
leukemia at low doses and dosc rates. They further suggested that this
risk be multiplicd by 5 to get the risk for all cancers. Therc are scant
human data that allow an estimate of the dose-rate effectiveness factor
(DREF). If the apparently nonlincar dose-incidence curve for leukemia
in atomic bomb survivors (sec Chapter 5) is assumed to reflect a linear
quadratic relationship between the incidence and the dose, the contribution
of the quadratic dosc term can be expected to be reduced at low doses
and Jow dosc rates. According to this interpretation, fitting linear and
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TABLE 1-4 Summary of Dosc-Rate Effectiveness Factors
for Low-LET Radiation

Observed Limited for
. Full Range Narrow Range Single Best

Source of Data of Values of Values Estimate
Human lcukemia

{present report) —_ —_ 21
BEIR 111 — — L0025
Laboratory animal studies

Specific locus mutation 3-1i0 37 S

Reciprocal transloc. 5-10 5-7 N
" Life shortening 3-10 3-5 4

Tumorigenesis 2-10 2-5 4

linear-quadratic models to these data, the ratio of. the line.ar c?emcienl_s
for the two fits yields an estimate of the DREK Th!s Commll}ee s analysis
in Chapter 5 yields a DREF of 2. This compares w1.th the estimate of 2.25
made by the BEIR III Committee, based on essentially the same data set
but with the obsolete T65D dose estimates (see Annex 4B).

The much more extensive animal data include four basic sets from
which DREF values can be derived. These include (1) the induction
of specific locus mutations, (2) the induction of reciprocal chromc.)som-c
translocations, (3) life shortening induced by whole-body external lrrafh-
ation, and (4) tumor induction in small mammals. All gf these stut.llcs
are relevant for the sclection of DREF values for estimating human risks
for neoplastic disease. Table 1-4 provides a summary of the experimental
findings for these categories of radiation injury. -

The observed full range of values in Table 1-4 closely reflects ﬁndl.ngs
from many individual studics. The upper limit of 10 for all four endpoints
is a repeatedly observed valuc; there arc some higher valucs, bu't these
arc not recurring findings. The lower limit depends on cxact f:xpcrlmeplal
conditions regarding instantancous dose rate, protraction period, .fractlon-
ation pattern, and, for tumorigenesis, the specific type of tumor involved.
The narrow range recognizes that the upper limit may include some cxper-
imental conditions that are not entirely relevant. For example, the highest
'values come from studies of the effects of continuous daily irradiation un-
til death, which may be an unlikely circumstance for humans cxcept as a
result of natural background radiation. The single best estimate valu.es are
appropriate for all low-dose-rate, low-LET radiation exposures delivered
intermittently, or even continuously, over periods of months to years.

The sixth radiobiological concept is that a varicty of chemicals can
modify the cell killing eflects of radiation. Oxygen and other agents that
mimic oxygen by being electron affinic tend to sensitize cclis to ‘the eflects
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of a given dose of radiation, while radical scavengers, such as sulfhydryl
compounds, tend to protect cells (Mo36, Pal84, Pat49, and Yu80). In
general, the redox status of the cell affects its response to radiation. There
is little available evidence suggesting that the same considerations apply to
mutagenesis and carcinogenesis.

The seventh radiobiological concept is that modifiers exist which have
little influence on cell killing but may greatly modify the multistep process
of carcinogenesis and its in vitro counterpart, oncogenic cell transforma-
tion (Ha87). These modifiers include: (1) hormones (Gu80); (2) tumor
promoters, that is, agents that do not affect initiation but that dramatically
affect the later stages of carcinogenesis in vivo or transformation in vitro
(Kc80); (3) protease inhibitors, such as antipain (Bo79, Ke81).

These factors, which have little influence on cell lethality, can exert a
profound effect on the response to radiation when carcinogenesis, transfor-
mation or both, are the endpoints being studied. Indeed, such biological
factors can dwarf in magnitude the effect of such physical factors as radia-
tion quality and dose rate. Promoters, for example, can alter the shape of
the dose-response relationship and can modify the absolute frequency of
transformation produced by a given dose of radiation. This is discussed in
more detail in Chapter 3. ‘ "

Differences in Relative Biological Effectiveness (RBE) Among Radiations

Absorbed dose (which is most often referred to simply as dose) is a
physical quantity that, all other things being equal, corrclates well with
biological effect. However, when the quality of radiation changes, absorbed
dose alone no longer specifies biological effect. In other words, a given
absorbed dose of x rays, does not necessarily result in the same biological
effect as the identical dose of neutrons or alpha particles.

To characterize this diffcrence, the concept of RBE was introduced;
that is, the RBE of radiation 1 relative to that of radiation 2 is the inverse
ratio of the doses of each, (D»/D;) required to produce the same biological
effect. When the dose-response relationships for the two types of radiation
differ in shape, RBE is nccessarily dependent on the level of the effect that
is considered and should be specificd as such.

In the 1963 “Report of the RBE Committee to the International
Commission on Radiological Protection and the Intesnational Commission
on Radiological Units and Measurements” (ICRP63), the comparison of
low-LET or standard radiation was designated as x rays, gamma rays,
electrons, or positrons of any specific ionization; and an RBE of unity was
assigned to any radiation with an average LET in water of 3.5 keV/um or

less. RBE values relative to this standard were then tabulated for a variety
of LET values and biological endpoints as a basis for deriving the risk per
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unit dose of any high-LET radiation relative to the risk per unit dose of
the standard low-LET radiation at low doses and dose rates.

In the ICRP-ICRU, 1963 report, it was pointed out that knowledge of
the RBE of different types of radiation is used in two ways in radiological
protection: first, to provide a basis for setting occupational dose limits for
high-LET radiation in relation to accepted limits for low-LET radiation
(and to allow the reversc procedure for certain bone-secking isotopes) and,
second, to provide a basis for summing the doses of radiations of different
qualitics to which a person may have been exposed. This latter usc of
RBE generally has only limited validity, however, since the prediction of
biological effects on the basis of doses of different radiations weighted by
their RBEs is a correct procedure only if (1) radiations act independently
(a condition rarely met), and (2) their dose-response curves are linear.
An cxample illustrating this point is the fact that the biological effect
of ncutron fields contaminated by various amounts of photons cannot be
predicted from knowing the neutron RBE only, except, perhaps, at very
low doses.

- The ICRP-ICRU Report clearly differentiated the radiobiological con-
cept of RBE from that of the quality factor (now designated Q). Concep-
tually, Q has a meaning similar to that of RBE; however, it was recognized
that Q may not necessarily be identical to RBE. Q is defined as the ratio -
of occupational exposurc dose limits, while RBE values are determined
experimentally from radiobiological data. Thus, the concept of @ cannot
be considered independently of the general philosophy that is to be applicd
to the derivation of dose limits for different radiations in the context of
radiation protection. '

In dealing with the limited data on RBE then available, particularly
on the more relevant endpoints of mutagenesis and carcinogenesis, it was
assumed that the dose-response curve for high-LET radiation gencrally
tended to be linear, at least at low doses.

"~ For the low-LET standard radiation, discussion oriented largely around
the linear quadratic dose-response curve, with an initial linear component
dominating at low doscs and dosc rates. The lincar component of the
low-LET radiation curve, interpreted as resulting from a single-track mech-
anism, was thought to be due almost éntirely to the high-LET radiation
regions at the end of particle tracks. The slope of this linear component
of the total dose-response curve was expected tc be largely independent
of dose rate and dose fractionation. Dose-rate effects were expected only
at higher doses, where the dose squared or multitrack mechanisms were
associated with the nonlinear component of the overall dose-effect curve.
A similar formulation has been used repeatedly in the literature, including
a report by the National Council on Radiological Protection and Measure-

ments, NCRP Report 64 (NCRP80). : '
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With higher-LET radiations, the initial linear term generally extends
to highcr doses than those seen with low-LET radiations. Frequently, it is
as difficult to demonstrate a quadratic term with high-LET radiations as it
is to demonstrate the initial lincar term with low-LET radiations.

On the basis of the linear-quadratic model, the RBE derived from
data obtained at high dose rates would be expected to be highly dependent
on dose, with a sharp increase in RBE as the dose decreases (Figure
1-2). With decreasing dose rate, the slope of the high-LET curve would
be expected to change only minimally. With low-LET radiation, however,
at very low doses or with higher doses at low dose rates (or with a very
high degree of fractionation), the curve would ultimately be expected to
become linear with a slope equal to that of the linear component of the
linear-quadratic dose-response curve. Thus, with the limiting conditions of
very low dose, any dose at very low dose rates, or both, the limiting RBE
should be equal to the slope of the high-LET dose-response relationship,
divided by the slope of the linear term of the linear-quadratic dose-response
relationship. This ratio was designated in ICRP-ICRU 63 as RBEy, which
is the maximum RBE which is obtained at minimal doses. Thus, emphasis
" was put on RBE values that were obtained at very low doses, very low
dose rates, or both, which were considered to be most relevant to radiation
protection. It was made clear by ICRP-ICRU, 1963 that essentially all of
the increase in RBE at low doses is caused by a decrease in the slope of
the low-LET curve as the dose decreases. This is a basic problem with the
current definition of RBE in which low-LET radiation is the “standard”
relative to which RBE is evaluated.

Currently, the biological effectiveness of all photon and electron radia-
tions are assumed to be the same, although there is experimental evidence
that medium energy (200-250 kVp) x rays are twice as effective as Cobalt-
60 gamma rays for low doses on the order of 1 rad, at least for some
endpoints such as oncogenic transformation and chromosome aberrations
(Bo83, Un76, Sc74). Microdosimetric measurements lead to similar con-
clusions (EL72).

Factors Affecting RBE
Radiation Quality (LET)

The current use of LET as a measure of radiation quality is based
essentially on (1) its simplicity (easy to calculate, easy to understand), and
(2) the recognition that there exists an association between the spatial
patterns of energy deposition and biological effectiveness. As such, LET
is a reasonable qualitative index for ranking radiations on an ordinal scale
of biological eflect. For quantitative predictions, however, LET has scvere
limitations (ICRU83, ICRUS6).
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FIGURE 12 Dependence of RBE on dose and dose rate for situations in which a
linear-quadratic dose-effect relationship applies. The four curves correspond (from top to
bottom) to increasing values of the dose rate. The RBE shown here is representative of
such endpoints as chromosomal damage or cell killing.

To provide a more adequate description of energy deposition and,
implicitly, radiation quality, a number of microdosimetric-based concepts
have been developed in the past 20 years. These range from lineal encrgy
(the stochastic counterpart of LET) to distributions of distances between
«¢lementary deposits of encrgy (proximity functions) and radial dose dis-
tributions. These quantities are often used in making more successful
predictions of RBE as a function of both radiation type and dosc. In prac-
tical applications the fact remains, however, that they arc used only by a
restricted group of specialists, so that LET continues to dominate common
perceptions of radiation quality (see Glossary).

Variation of RBE with LET

For charged particles of defined LET in the track segment mode,
RBE has been determined as a function of LET, by using monolayers
of mammalian cells and scoring cell lethality, mutation, and oncogenic
transformation as biological endpoints. In all cases, RBE increases with
LET, reaching a maximum at about 100 keV/um, arid subsequently falling
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FIGURE 1-3 Radiobiological effectivencss, RBE, as a function of linear energy transfer,
LET, in cells of human origin, with cell lethality or mutation at the HGPRT locus as
endpoints (Co77, He88).

for higher-LET valucs. In general, a given LET predicts the same biological
effect for a given dose if it is produced by particles with different masses and
charges, such as protons, deutcrons, or helium ions (Figure 1-3). However,
the concept of LET breaks down, and in the case of very heavy particles
having an atomic number close to that of uranium, anomalous resuits have
been reported, together with a complex relationship between RBE and
LET (Kr82). There is some evidence that, in the same cell system, higher
RBE values are found for mutation than for cell lethality, even at the same
radiation dose.

Variation of RBE with Dose Rate and Fractionation

For low-LET radiations, thc consensus is that decreasing the dose
rate or dividing a given dose into a number of fractions spread .over a
period of time reduces the biological effectiveness. In most cascs, for high-
LET radiations such as neutrons, the cffect of a given dose is relatively
unchanged when the dose rate is lowered or when fractionation is used.
In a few important instances, including neoplastic transformation in vitro,
carcinogenesis in experimental animals, and mutagenesis, dose protraction
by use of a low dose rate or by fractionation actually enhances the biological
effectiveness of a given dose (Figures 1-4, 1-5). The overall conclusion
is that the RBE of high-LET radiations compared with that of low-LET
radiations may be larger for a low dosc rate than for a single acute exposure
at a high dose rate.- '
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FIGURE 1-4 Hypothetical dose-cflect curves for high-LET radiation (upper two curves)
and low-LET radiation. It is assumed that lowering the dose rate, (dashed line) results
in enhancement of the effect for the high-LET field and a decrease in the yield for the
low-LET radiation. This situation has been observed in certain transformation experiments.

Variation of RBE with the Biological System or Endpoint Used

Even for a given dose or dose per fraction, the RBE of a given type
of radiation can vary greatly according to the cell or tissue exposed and
according to the endpoint scored. At higher doses and with cell lethality as
an endpoint, there is a strong tendency for RBE values to be higher for cells
and tissues in which the x-ray dose-response relationship has a large initial
shoulder and for RBE values to be lower for cells and tissues for which the
cell survival curve more closely approximates a simple exponential function
of dose. For lower doses and dose rates and with mutation, neoplastic
transformation, or carcinogenesis in vivo as an endpoint, a wide range of
RBE,, values has been reported. Values have ranged from less than 10 to
greater than 100,

The Need for the Concept of RBE

It would be desirable to have human dose-response information, and
therefore risk estimates, for somatic and genetic effects for all types of
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FIGURE 1-5 RBE versus dose for the curves of Figure 14. Dashed line, low dose rate;
solid line, high dose rate,

radiations, including x rays, neutrons, and alpha particles. Human risk
estimates for low-LET radiations are available for many effects from various
populations, including the Japanese atomic-bomb survivors; however, the
recent revision of 'the dosimetry from Hiroshima and Nagasaki essentially
negates previous RBE estimates for neutrons obtained from the Japénese
data (sece Annex 4-2). For neutrons, therefore, human risk estimates must

result from a two-step process, namely, low-LET effects data from human

studics and RBE estimates from animal experiments.

The body of radiobiological data available indicate that, in principle, .

RBE increases with decreasing dose, with limiting higher values generally
reached at low doses or at low dose rates. This relationship results from
the fact that the dose-response for low-LET radiation is often a linear-
quadratic function of dose, whereas for neutrons it approximates a linear
function of dose. '
. In general, the biological effects of x rays or gamma'rays decrease

with fractionation or reduction in the dose rate, whereas with neutrons the
‘ faf_fgctiveness per rad remains the same or even increases as the dose rate
is .reduced or the time over which the dose is delivered is protracted. For
this reason, the RBE is usually quite different for a protracted exposure
from that for a single acute exposure.
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The limiting value of the RBE at low doses or low dose rates varies with
the tissue or cell irradiated (Br73, Fi69, Fi71). This has becn documented
extensively with cell lethality as an endpoint; but there appears to be at
least as much variation between systems when carcinogenesis, mutation,
or transformation in vitro is the endpoint. The limiting value of the RBE
also varies by a factor of about 2, depending on whether x rays or gamma
rays arc used as the low-LET radiation (Bo83). This is consistent with
the difference in microdosimetric spectra that are characteristic of 250-keV
x rays, as compared with thosc which are characteristic of high-energy
gamma-rays (El72). There is some evidence, at least in C3H10T1/2 cells,
that the RBE of neutrons relative 1o x rays may depend on the level of
tumor promoting agent present, since TPA has a larger influence on the
incidence of oncogenic transformation induced by x rays than neutrons
(Ha82).

RBE was a relatively simple concept when it was first introduced,
during an era in which radiobiological experimentation was characterized
by measurements of the dose which was lethal to 50% of the laboratory
animals (LDso) (B078). It has now become a complex quantity as a result
of the sophistication of the biological systems that are available. While the
RBE is complicated by its dependence on dose and dose rate, there is no
prospect, at present, that this useful concept can be dropped. A vast body
of additional human data will be needed before the concept of RBE can be
replaced. However, selection of an appropriate RBE in a specific situation
is often difficult. An intensive review of RBE values from experimental
systems, including in vitro studies and studies of carcinogenesis in laboratory
animals, leads to the conclusion that, for fission spectrum ncutrons, RBE
valucs range from about 2 to greater than 100 (ICRUS6).

In the analysis of a-bomb survivor data in Chapter 4 of this report, the
committec elected to assume a value of 20 for the RBE of bomb neutrons
relative to gamma rays for radiocarcinogenesis. This is consistent with the
value of Q recommended by national and international groups concerned
with radiation protection (NCRP87a, ICRP85). It is also consistent with
many cxperimentally determined RBE values obtained for a varicty of
tumors ir experimental animals, although it was recognized that lower, as
well as higher, values have been reported for some neoplasms.

~EFFECTS OF RADIATION ON GENES AND CHROMOSOMES

The Genome

The human genome is composed of DNA that is contained principally
in the chromosomes and, to a much lesser extent, in the mitochondria.

- The chromosomes, of which there are 23 pairs, contain about 6 x 10°
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pairs of DNA bases (3 x 10° per haploid set of chromosomes) .and eaf:h
chromosome includes a single supercoiled molecule of DNA assoquted \zvxth
chromosomal proteins. The organization of this material can be vxsuallzgd
microscopically only to a limited degree. With contemporary cytogenetic
techniques, fixed chromosomal metaphase spreads reveal 500 or so b.ands,
although refined techniques can reveal about 2,000 bands per haploid set
of chromosomes. The total number of genes is unknown but has been
estimated to be in the range of 50,000 to 100,000 per haploid set of
chromosomes. This genetic material comprises approximately 3,000-4,000

.units of recombination (centimorgans). Thus, a visible chromosomal band

at a resolution of 500 iands per haploid set, may include 6 x 10° kilo.bzi\se
pairs (kb) of DNA, 100-200 gencs, and 6-8 centimorgans of recombining
genome. The range in gene size is extreme, with some of the order
of magnitude of 10 kb, the rctinoblastoma gene about 200 kb, and the
muscular dystrophy gene almost 2000 kb of DNA. The parts pf genes
translated into proteins constitute a minority of total DNA, with many
proteins being coded for one kb or so of DNA. Some of the untranslated

DNA is important in the regulation of gene expression, while much DNA

seems to be extragenic and of unknown function. )

Not only does the genome recombine in each generation but it can
also undergo mutation, a term applied here to denote all changes in
chromosomes, their genes, and their DNA. Thus, alterations in chromosome
number and structure are included, as are changes that are not visible
microscopically. These latter, submicroscopic changes include dc.alctions,
rearrangements, breaks in the sugar-phosphate backbone, errors in DNA
replication, and base alterations. Most mutations occur during cellular
replication. Mutation occurs in both germ cells and somatic cells, allhou.gh
it is much less apparent in somatic cells unless the mutation occurs dun.ng
tissue proliferation, as happens with some congenital defects and with
cancer. On the other hand, many mutations in the germ line are lcthal
during cmbryonic development. Thus, the same mutation might be more
common in somatic cells than in germ cells because cf the lack of tissuc-

specific selection against it.

Chromosomal Abnormalities

Three classes of chromosomal abnormalities are known to occur in
both germ cells and somatic cells. The best known changes in the germ
linc are those that affect chromosomal number. Thus, Down syndrome
is the result of a mutation in which a parental (usually maternal) germ
cell acquires two copics of chromosome 21 as a result of chromosomal
nondisjunction during gametogenesis. Fertilization by a normal sperm
then yields a zygote with 47 chromosomes. Such trisomy is common at
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conception, although trisomy (and monosomy) for most chromosomes is
invariably lethal to the embryo. The cause of the increase in trisomy
with advancing maternal age has focused on differences between male and
female gametogenesis. In the female, oogonial mitoses occur during fetal
life, and maturation of eggs proceeds to the dictyotene stage, where it is
arrested until the time of ovulation. Eggs in a 40-year-old woman have
been at this stage for twicc as long as in a 20-year-old woman. In contrast,
male gametogenesis continues without interruption from puberty to death.
Changes in chromosome number can also occur in somatic cells, although
the frequency is difficult to estimate because of selection against monosomic
and trisomic cells. However, in cancer cells such changes are common,

A second class of chromosomal abnormality is the chromosomal break.
When a chromosome break occurs in the cell cycle before DNA replication
(G1 or early S phase), it will be observed at the following mitosis as a
chromosome break (both chromatids are broken). If the break occurs later
in the S phase or in the G2 phase, it will be observed as a chromatid break.
For each such break that is observed, there may be many others that rcjoin
and are not observed. Single breaks, both chromosomal and chromatid, are
readily induced by ionizing radiation, and their number increases lincarly
with dose.

A third class of visible chromosomal abnormality is the structural re-
arrangement, which embraces unstable forms, such as rings and dicentrics,
and stable forms, including intcrstitial deletions, inversions, and translo-
cations. These result from the inappropriate joining of two breaks at
different sites. The number of these aberrations is generally proportional
to the square of the x-ray dose, since two events are necessary. However,
there is also a linear component, because a single densely ionizing tail of a
particle track can produce both events, so that a linear-quadratic equation
more properly describes the dosc-response relationship (see Figure 1-6).
At low doses only the linear term dominates. Neutrons, on the other hand,
because they are more densely ionizing particles, often produce two breaks
as the result of a single event, so the dose-responsc relationship is more
nearly linear. At low doscs, neutrons are much more biologically effective;
i.e., the RBE of neutrons relative to that of x rays is significantly greater
than unity.

The frequency of two-break aberrations in human lymphocytes ir-
radiated in culture approximates 0.1 aberration per cell per Sv in the
low-to-intermediate dose range (L181). The frequency of such aberrations
is increased correspondingly in radiation workers, as well as in accidentally
or therapeutically irradiated persons, in whom it may serve as a biological
dosimeter (LI81; IAEAS86). Since chromosome aberrations are preponder-
antly deleterious to the cells in which they occur, the affected cells tend to
be gradually eliminated with time. -
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FIGURE 1-6 Frequency of dicentric chromosome aberrations in human lymphocytes
irradiated in vitro in relation to dose, dose rate, and quality of radiation (LI81).

Although chromosome aberrations can be induced by relatively low
doses of radiation, only a small percentage of them is attributable to natural
background radiation. The majority result from other causes, including
certain viruscs, chemicals, and drugs. The health implications, if any, of an
increase in the frequency of such aberrations in circulating lymphocytes is
uncertain. -

All of these classes of chromosomal abnormalities (non-diploid num-
ber, breaks, and structural rearrangements) occur as either germ jine
(constitutional) mutants or somatic mutants. The Down, Turner, and
-Klinefelter syndromes arc all examples of abnormalities in chromosome
number. Many examples of disease-specific constitutional deletions and
rearrangements are known. There are no examples of constitutional breaks
in all cells examined, but there are about 18 known heritable fragile sites,
in which breakage at a specific sitc can be elicited under certain in vitro
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conditions, such as folate deficiency (He84). In addition, there are three
recessively inherited conditions in which chromesomal breakage and re-
arrangement occur, namely, ataxia telangiectasia (AT), Fanconi’s anemia
(FA), and Bloom’s syndrome (BS) (He87, Sc74). All three predispose a
person to cancer. Patients with AT are unusually sensitive to ionizing radi-
ation, as are their cells in vitro. Cells from paticnts with BS show a high
rate of quadriradial figures, which are caused by homologous chromoso-
mal exchanges, and a high rate of sister chromatid exchanges. A fourth
recessive disorder, xeroderma pigmentosum (XP), is not associated with
spontaneous chromosomal breakage, but it does predispose a person to
chromosomal aberrations induced by ultraviolet light. XP predisposes a
person to ultraviolet radiation-induced skin cancers.

Somatic chromosome abnormalities can be found at a low rate in the
general population, but they are found almost universally in cancer cells.
Abnormalitics of both number and form are typical. Cancer cells generate
abnormalities at an increased rate, but some of them are so specific that
they are regarded as being important in the origin of cancer (Ro84). Thus,
about 90% of patients with chronic myelocytic leukemia have an aberra-
tion known as the Philadclphia chromosome in their leukemia cells. The
Philadelphia chromosome is a reciprocal translocation between chromo-
somes 9 and 22. Every person with Burkitt lymphoma shows a transloca-
tion between chromosome 8 and chromosomes 14, 2, or 22; again, this is
confined to the tumor cells. Several other tumor-specific translocations are
known. Mcnosomy for chromosome 22 is common in people with menin-
giomas, Deletions of various chromosomes are found to be associated at
a high frequency with certain cancers; e.g., deletion of the short arm of
chromosome 3 (3p-) in persons with small-cell carcinoma of the lung and
renal carcinoma; 1p- in persons with neuroblastoma; 11p- in persons with
Wilms’ tumor; and deletion of the long arm of chromosome 13 (13q-) in
persons with retinoblastoma aiid ostecosarcoma. There are also two other
kinds of aberrations: homogencous staining regions and double minute
chromosomes; these are found in certain cancers, especially neuroblastoma
and small-cell carcinoma of the lungs, and do not occur constitutionally.

The most compelling evidence that a specific aberration may be causal
for cancer can be seen in retinoblastoma and Wiims’ tumor; that is, persons
are predisposed to these tumors if they inherit the same type of constitu-
tional deletion (at chromosome band 13q14 or 11p13, respectively) as is
found confined to the tumor cells in other cases. This finding suggests that
both the hereditary and the nonhereditary forms of these tumors are initi-
ated by an abnormality at the same chromosomal site, with the abnormality
being a visible chromosomal dcletion in some cases and a submicroscopic
mutation. in others (Kn85). .
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DNA Abnormalities

Abnormalities in chromosome number are not necessarily associated
with structural changes in DNA, but chromosomal breaks and aberrations
involve such changes, as do the many mutations that are not visible mi-
croscopically. The mechanisms by which mutations are caused have of
course, been of considerable interest. Some in vitro studies with DNA
provide an example of the changes that can occur even at 37°C. For exam-
ple, one of the most frequently noted changes is deamination of cytosine,
in which cytosine is converted to uracil {Li74). Uracil then pairs with
adeninc instead of guanine, so the coding sequence is changed following
replication. Deamination of adenine, although less frequent, also lcads to
mutation, because the product, hypoxanthine, pairs with cytosine instead
of thymine (Li72). Ancther important change concerns the methylation of
guanine, which may be caused by the presence of the active methyl donor
S-adenosylmethionine (Ry82). This.change alters both the geometry and
the base pairing of guanine. Two products of thymine, the cyclobutane
pyrimidine dimer and 6,4-pyrimidinc-pyrimidone, which are produced by
ultraviolet irradiation, distort the DNA helix (Mi85).

Mutations would occur at much higher rates than are actually observed,
if it were not for the existence of repair mechanisms. In the case of the
thymine photoproducts noted above and in the case of bulky adducts of
DNA with certain chemicals, repair proceeds via sequential steps, the first
being a cutting of the abnormal strand of DNA on each side of the site of
the abnormal nucleotide by an endonuclease. This leads to deletion of a
DNA scgment that includes the dimer or adduct. The gap, which may be
enlarged by an exonuclease, is then filled by a polymerase-catalyzed DNA
strand that is complementary to the intact strand of DNA. The final reaction
is closure at the growing end by a ligase. This is the classical excision repair
pathway first described for bacteria. It is a relatively slow process, but it
is very accurate. Recognition of the DNA repair pathway came in humans
with the discovery that the disease xeroderma pigmentosum involves a
defect in excision repair (CI68). This was the first known cxample of a
DNA repair defect in humars. It is thought to account for the propensity
of individuals with this disease to develop cancer of the skin, because
ultraviolet light induces thymine photoproducts in the exposed skin cells.
If not excised, these thymine photoproducts in turn impair faithful DNA
replication, causing induced mutations and chromosome aberrations at an
increased rate, as has been observed in vitro. Presumably, these mutations
may occur in one or more “cancer genes” that are involved in carcinogenesis
in skin cells and melanocytes.

Many spontancous and induced mutations do not affect the gross
configuration of DNA. Such mutations include those resulting from the
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removal, destruction, or mutation of bases; destruction of dcoxyribose
residucs; and breakage of DNA chains. Such damage, which is common
with exposure to ionizing radiation, is also corrected by excision repair,
but an array of specific cnzymes different from those employed in the
classical mechanism is used (Li82). These mechanisms are much faster,
but less accurate, so residual mutation is more likely. DNA chain breaks
are, of course, associated with all chromatid and chromosome brcaks.
The dose-response curves for single-strand and double-strand breaks may
both be lincar with x rays, apparently because the former are caused by
single ionizations and the latter are caused by the dense tails of ionization
tracks. Most chain breaks are repaired following modification of the break
termini, filling the defect with polymerase activity and ligation. It may be
that the same ligase can function in both slow and fast repair processes,
It has recently been reported that ligase deficiency is a fcature of Bloom's
syndrome (Ch87, Wi87). This would explain the propensity for chromosome
breakage and aberration found in patients with that syndrome. It would
also explain the increased mutation rate that has been reported in vitro
(Vi83) and recently in vivo (La89).

An important kind of damage to DNA, and one frequently produced
by ionizing radiation, is removal of a base, with the formation of an apurinic
or an apyrimidinic (AP) site (Li82). This damage can be rcpaired by an AP
endonuclease that excises the remaining deoxyribose phosphate. There arc
reports that some cases of xeroderma pigmentosum and ataxia telangiectasia
may have reduced AP endonuclease activity. After the creation of AP sites,
the AP site itself can be mutagenic if the sites are not removed by AP
endonuclecase. During the next round of cell division, DNA polymerase
may copy past the AP site by inserting a purine, usually adenine, without

-regard to what is present opposite the site in the other strand. This kind

of repair is obviously prone to error.

Alterations in DNA caused by deamination of cytosine or adenine
and by disruption of purine or pyrimidine rings can also be repaired. The
mismatched or degraded base is removed by one of several specific glyco-
sylases, enzymes that are rclatively abundant and rapidly acting, leaving an
AP site, which is then handled by AP endonuclease as noted above (Li82).
While genetic defects in these enzymes are not known in humans, bacterial
mutants lacking uracil glycosylase show considerably altered mutation rates.

One other aiteration in DNA is processed in a unique way. As noted
earlier, methylation of guanine (of an oxygen atom at position 6) may occur
under physiological conditions, but it is also produced by certain alkylating
agents. An unusual enzyme has been discovered that removes this methyl
group and transfers it to a cysteine residue of the enzyme itself, restoring
the DNA to its normal configuration, but inactivating the enzyme in the
process (Ha83). This methyl transferase is literally a suicide enzyme; in
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fact, it is not strictly an enzyme because it is not regenerated. No inherited
defect has been reported for this enzyme in humans, but it has been found
that in some cancer cells the function of this enzyme is defective. It may
be that such cancer cells undergo further mutations relevant to tumor
progression more readily. If so, they should be more susceptible to killing
by alkylating agents.

Conclusions

Although the human genome is highly stable in both germ-line and
somatic cclls, errors do occur in its transmission from one generation of
individuals or cells to the next. These errors occur at a spontaneous rate that
can be increased by environmental agents, including radiation. These errors
can be so macroscopic that they are detectable cytogenetically, as in the
case of abnormalities of number or structure of chromosomes. Other errors
cannot be detected cytogenetically, but can be detected as changes in the
nucleotide sequence of a gene. Many such errors (mutations) are repaired.
The importance of the existence of repair mechanisms is underscored by
the predisposition to cancer that is associated with some rare hereditary
disorders in which one of these repair mechanisms is defective.

lNTERNALLY DEPOSITED RADIONUCLIDES:
SPECIAL CONSIDERATIONS

Exposure to jonizing radiation occurs from radionuclides deposited
within the body as well as from sources outside the body. Differences in
the characteristics of these two types of exposure must be considered when
interpreting studies of irradiated populations and estimating the possible
health effects of different patterns of irradiation.

With an internally deposited radionuclide, the radionuclide enters the
body at the time of exposurc but the doses it delivers to various organs
and tissucs of the body continue to accumulate until the radionuclide is
removed by physical or biological processes. Thus, the radiation is deliv-
ered to various organs gradually, at changing dose rates, over what may be
an cxtended range of ages. An internally deposited radionuclide also fre-
quently produces nonuniform irradiation to the organs and tissucs in which
or near which it is incorporated, depending on its radioactive emissions and
metabolic characteristics. In this respect, the spatial and temporal patterns
of the doses dclivered by internally deposited radionuclides differ from
those typically delivered by external irradiation (Figure 1-7).

These and other differences in both dosimetry and biological response
have a direct impact on the characteristics of the resulting dose-response
relationships. Accordingly, any quantification of human health risks from
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exposure to jonizing radiation must consider, first, the determination of risk
factors for exposure situations in which adequate data on dose and response
are available, and second, the relative importance of various dosimetric or
response factors that can alter the resulting risk estimates. This applics
to both cxternal and internal irradiation conditions. In this section, the
general characleristics of exposurc and dose-response relationships are
discusscd for internally deposited radionuclides as.they apply to estimation
of site-specific radiation-induced cancer risks in exposed human populations
(scc Chapter 4). The health cffects of radon progeny and other internally
deposited alpha-emitting radionuclides were examined in depth in the BEIR
IV report (NRC88).

Radionuclide Dose-Modifying Factors

The intake of radionuclides can occur by inhalation, ingestion, injec-
tion, and absorption through the skin and mucous membranes or through
cuts and abrasions (ICRP79). The relative importance of these different
routes of intake depends on the particular exposure situation considered,
for cxample, environmental or occupational exposure, accidental exposure,
or medical administration of radionuclides. Each of these exposure routes
has its own characteristic pattern of initial deposition on or in various parts
of the body such as the lungs, the gastrointestinal tract, or skin. As long
as a radionuclide is present at one of these sites of intake, the surrounding
tissue will be irradiated, and the extent of this irradiation will be determined
by dosimetric factors (see the section on physics and dosimetry earlicr in
this chapter and see below).

A portion of thc radionuclide present at these sites of intake may
dissolve and be absorbed into the blood. Once uptake to body fluids has
occurred, the radionuclide will be deposited in other organs and tissues,
depending on its physical and chemical properties. Chemical, physical, and
biological processes can also influcnce the cffective retention time for a
given radionuclide, thereby influencing the period of time during which the
irradiation of the surrounding tissues occurs.

The description and quantification of the deposition, retention, and ex-
cretion of internally deposited radionuclides are generally well understood.
The most extensive reviews of metabolic and dosimetric data for the differ-
ent radionuclides currently available are those given by the International
Commission on Radiological Protcction (ICRP) Publication 30 (ICRP79).
Additional information on the dosimetric approaches incorporated in the
current ICRP system is available in reports by Johnson (Jo85) and the
National Council on Radiation Protection and Measurements (NCRPS85).
The methodology and values given by ICRP were assembled for radiologi-
cal protection planning purposes. Thus, the values chosen for the various
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parameters are conservative; that is, they can lead to overestimates of risk
factors. These values may not be appropriate for estimation of risk when
the organ and tissue doses received by exposed individuals are considered.

Some of the relevant data have been derived from human studies, in
particular studies on the deposition of inhaled particles and gases (e.g.,
radon progeny in uranium miners), whole-body retention of radionuclides
with emissions that are detectable outside the body (e.g., radiocesium from
worldwide fallout), and cxcretion (feces and urine) samples collected pri-
marily in occupational exposure situations (e.g., transuranic radionuclides).
Concentrations of radionuclides in some tissues have also been measured
at autopsy. The remainder of the data have been and continue to be
obtained from studies of various species of laboratory animals conducted
under controlled laboratory conditions. The study of laboratory animals
makes it possible to examine radionuclide biokinetics and metabolism, for
which human data are sparse or nonexistent, and to determine the effects
of various modifying factors on the resulting dosimetry (NRC88).

Each laboratory animal specics has its own anatomic and physiological
characteristics that need to be considered when the resulting dosimetric
parameters arc extrapolated 1o human exposure situations. For instance,
the mechanical clearance of insoluble particles from the pulmonary region
is strongly species-dependent; mice and rats clear these particles by mu-
cociliary activity much more rapidly than do guinea pigs, dogs, or humans
(Sn83, Sn84). Knowledge of thesc differences is necessary for appropriate
dose calculations in studying dose-response relationships in differeni species
as surrogates for humans. Similarly, the hepatic turnover of actinide and
lanthanide radionuclides in mice and rats is considerably faster than that
in dogs and nonhuman primates (ICRP86, Bo74).

Other factors that need io be considered when determining the dose
reccived by critical cells include an identification of the-target cclis of
concern and how the patterns of cellular irradiation are influenced by-
nonuniform radionuclide deposition or clearance, age, and health status
(Sm84, Fi83).

Radionuclide Response-Modifying Factors

There are only a few groups of human subjects with radionuclide
burdens of sufficient magnitude to produce long-tcrm biological effccts.
Major groups in this category include paticnts treated with ?2Ra, 2Ra,
Thorotrast (*32Th and progeny), or '3']; uranium mincrs exposed to ***Rn
and its progeny; and uranium workers exposed to 33U, 235U, and 21U,
All of these study populations, except those exposed to 3!, involve people
exposed to high-LET (alpha) radiations and were discussed in detail in the
BEIR IV report (NRCSS). ‘
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With the exception of the special case of exposure of the human
thyroid to 31}, discussed in Chapter 5, long-term biological effects of in-
ternally deposited low-LET-emitting radionuclides have not been observed
in human populations. Estimations of the potential health risks of such
radionuclides must be sought by other means. To provide such data, a
large number of life-span studies on the effects of radionuclides have been
conducted in laboratory animals. Major studies currently in progress in-
clude thosc examining the cffects of inhaled 23°PuO; in baboons (Me88),
inhaled 233PuO, or 23%Pu0, in dogs (Pa86, Mc86), inhaled 23°Pu(NO3),
in dogs (Pa86), inhaled fission products (°°Sr, 44Ce, '37Cs, °!Y, and °°Y)
in relatively soluble or insoluble forms in dogs (Mc86), injccted ??Ra in
dogs (Go86), and intravenously injected 2*°Pu, ??°Ra, 225Th, ?**Ra, and
908r in dogs (Wr86). Comparative life-span studies involving large numbers
of rats exposed to low doses of high- or low-LET radiation include stud-
ics of inhaled 23?PuO, (Sa88), inhaled !**CcO, (Lu87a) and thoracic or
whole-body x-irradiation (Lu87b). These studies should provide a critical
link between observations on laboratory animals and existing human data.

It is expected that such studies, many of which are currently nearing
completion (Th86), will contribute to our understanding of the relative
importance of possible risk modificrs such as dose, dose rate, nonuniformity
of dosc distribution, specics, age, health status, and exposure to other
carcinogenic agents in combination with radiation.

USE OF ANIMAL STUDIES

Observations on the biological effects of ionizing radiation began to
be made soon after the discovery of x rays in 1895. Already in 1896, there
- were reports of dermatitis and alopecia in those experimenting with x-ray
generators (Fu54). By 1902-1903, the first reports had appeared describing
skin carcinomas on the hands of radiologists, and less than a decadc later,
sarcomas had been induced in rats by repeated exposure to irradiation
(Fu54). In 1906, from studies of radiation effects on the testes of goats,
J. Bergonic and L. Tribondeau formulated their well-known generalization
that:

X-rays are more effective on cells which have a greater reproductive activity; the

cifectiveness is greater on those cells which have a longer dividing future ahead,

on those cells the morphology and function of which is least fixed (Translation
by G.H. Fletcher, Be06).

Two decades later, H. J. Muller reported the mutagenic effects of
radiation on the germ cells of Drosophila melanogaster (Mu28). During the
1920s congenital abnormalities were recognized in children whose mothers
had been irradiated while they were pregnant (Go29), and in the following
decades radiation teratogenesis was widely investigated in mice and rats
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(Ru54). Research in these arcas and on the systemic cellular and molecular
effects of ionizing radiations have continued in a variety of animal species,
in parallel with continued observation on radiation effects in humans.

In many respects the human data and the animal data are comple-
mentary. There are several important areas in which the human data are
inadequate for risk estimation and must be interpreted in the light of
concepts developed from experiments with animals. In particular, informa-
tion from experimental animals is uscful for human risk assessment in the

following areas:

1. prediction of the effects of high-LET external radiations, including
neutrons;

2. prediction of the cffects of low or varying dose rates and of various
patterns of fractionation of exposurc to low-LET radiations, high-LET
radiations, or both;

3. clarification of the mechanisms of radiogenic damage including
mutagenesis, carcinogenesis, and developmental effects; this is crucial to
the devclopment of appropriate interpretations and mathematical models
of radiation effects in humans; and

4, prediction on the uptake, distribution, retention, dose distribution,
and biological effects of internally deposited radionuclides for which there
arc inadcquate data in humans.,

The validity of quantitative extrapolation from animals to humans is
of great concern. Such a procedure may be defined better as the “transpo-
sition” of concepts and parameters derived from animal studies to humans
in order to compensate for inadequate or unavailable information. Opin-

-ions vary about appropriate methods for extrapolating data and concepts

between species, but there arc times when it is essential. It is unlikely
that humans are so physiologically unique among mammalian spccies as 10
invalidate selective usc of animal data.

Considcration has been given recently in two areas to direct extrapola-
tion of dose-incidence ratios for carcinogenesis from experimental animals
to humans. The first of these includes the use of ratios of the relative
effectiveness of two internally deposited radionuclides in animals in order
to estimate the relative risks of the nuclides for man when human data are
availablc on only one of the nuclides, This was examined in the BEIR IV
report (NRC88). The second is the direct application of the relative risk
(per Gy) of cancer in animals to prediction of the relative risk of cancer in
irradiated humans (St88).

Much of ‘the information on radiation-induced and spontaneous mu-
tation rates in humans is based on chromosomal aberrations and specific
locus mutations in somatic cells, the latter primarily in culture systems. Es-
timations of human genetic risk are thus made in the light of dose-response
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relationships and mechanistic considerations derived from experimental
studics on inherited genetic effects, primarily in mice, and interpreted in
the light of the large body of data from other biological systems. Radiation-
induced mutation is a process which is completed within a relatively short
interval after exposure. Interspecics extrapolation of experience with dosc-
mutation effects can thereforc be done with somewhat greater confidence
than can comparable extrapolations of effects on multistage prolonged
processes such as carcinogenesis and lifeshortening,

There arc extensive experimental data concerning radiation effects on
embryogenesis with specific reference to the development of gross abnor-
malitics of the central nervous system and disruption of neuroblast prolif-
cration, migration, diffcrentiation, and establishment of neural pathways.
Measurements of eflects of exposure during embryogenesis on neurological
function, including learning capacity and cognition, are less common and
more difficult to perform in experimental animals. Although interpreta-
tion and application of the experimental data to human risk estimation
requires careful comparison of equivalent developmental stages, the data
are valuable in complementing sparse human information.

EPIDEMIOLOGICAL STUDIES: SPECIAL CONSIDERATIONS

Epidemiologic studies are a critical tool in assessing radiation risks,
since they alone provide data dircctly applicable to humans. However, epi-
demiologic studies of individuals exposed to radiation have methodologic
limitations which should be kept in mind when assessing the results of such
studies. This section briefly summarizes these concerns. Further discus-
sion of these issues can be found in standard textbooks on epidemiologic
methods (Ma70, Ro86). Most epidemiologic studies of low-LET radiation
have focused on cancer as the outcome. This discussion of epidemiologic
methods and their limitations also focuses on cancer, although most of the
considerations also apply to studics of other outcomes.

High-Dose Studies

The use of high-dose studies to quantify risk estimates involves a
two-stage process. First, risk parameters that apply to the particular high-
dose group under observation must be estimated from the empirical data.
Second, mathematical models must then be used to extrapolate from the
experience of the specific high-dose population to that of the low-dose
population of interest, taking into account differences both in exposure
factors such as dose and dose rate and host factors such as age, sex and
race. Both steps are, of course, subject to error, and the assumptions and
limitations involved in the second step will be discussed in detail later in

BACKGROUND INFORMATION AND SCIENTIFIC PRINCIPLES 45

this chapter. The problems and limitations involved in the first step are
discussed here.

Studies reported to datc have cssentially been of the retrospective
cohort type. Popuiations receiving high doses of low-LET radiation are
rare, and exposure to such doses is unlikely to occur in the future, apart
from the therapeutic irradiation of patients. Such studies are subject to
both sampling variability and bias. Sampling variability should generally
be adequately expressed by the confidence intervals around the parameters
estimated by the particular mathematical model, but bias represents a
greater problem. Biases in epidemiology are generally classified as resulting
from selection, information, or confounding.

Sclection bias can be dcfined as arising from any design problem
that tends to make the study subjects unrepresentative of their source
population. Such a bias can prevent generalization of the results. For
cxample, if the survivors of the atomic bombings at Hiroshima and Nagasaki
were healthier than the general population, their susceptibilities to radiation
carcinogenesis could be different from those of the general population. In
addition, selection may lead to internally biased results when the follow-up
is selective. This occurs when those individuals selected for follow-up are
different for differing categories of exposure and when that difference is
associated with a differing underlying cancer risk. For example, if only 50%
of the atomic-bomb survivors had been followed, and there were more
smokers in the high-dose group that were followed than in the low-dose
group, there would be an excess of lung cancer in the high-dose group that
was not caused by radiation. Such a selection bias is likely to occur only
when there is substantial loss to follow-up. It is unlikely that this plays a
role in the major high-dose epidemiologic studies on which risk estimates
arc currently based, since follow-up has been essentially complete for these

“studies.

Information bias, which refers to any process which distorts the truc
information on either exposurc or discase status, is likely to be of more
importance than selection bias. Misclassification of exposure is likely to be
a major potential source of error in making risk estimatcs. Nondiffcrential
misclassification with respect to exposure level leads to an underestimation
of risk and tends to reduce any upward curvature in the dose-response
relationship. This occurs, for example, when "t'he_ distribution of errors
in dose estimates is the same in the diseased and the nondiseased, as
will generally be the case for most cohort studies. Cther biases may be
more sublle. Misclassification of disease status is particularly important
when such status is determined from death certificates which are often
unreliable for a number of cancer types. These errors are more likely to
be differential, i.e., dependent upon a subject’s exposure status, and could
bias a dose-response curve away from the null. :
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Finally, confounding—i.e., distortion of risk estimates due to the as-
sociation of both exposure and discasc with some other covariate, such as
smoking—is unlikely to be of substantial importance in affecting risk esti-
mation based on comparison of groups of individuals with varying degrees
of exposure, but it could be of importance when an unexposed control
group is also used in the estimation procedure. For example, the character-
istics of the “not in the city” group in the Japanese atomic-bomb survivor
study may be somewhat different from the group exposed to the radiation,
and if tliese characieristics are associated with differing cancer risks, such
confounding would have an effcct on the risk estimates. This may bc a
particular problem with studics of patients irradiated for medical conditions
if risk estimation is carricd out with an unexposed comparison group, such
as the general population: the condition for which irradiation is used could
well be associated with an altered cancer risk.

The three types of bias discussed above could all play roles in affecting
the internal validity of risk estimates (i.e., the validity of the results for
the particular population being studicd). However, even in the absence of
such biases, there remains a fundamental problem in extrapolating the risks
from one population to another, for example, from the Japanese to North
Americans. The method of such extrapolation depends on the mathematical
modcl chosen; and, although empirical evidence may be available from
studics carricd out in both countrics, there often is considerable uncertainty
about the validity of the procedure that is used.

The quantitative risk estimates developed in Chapter 4 of this report
are based primarily on extrapolation from studies of populations exposed to
high doscs of radiation over relatively short periods of time. The rationale
for this approach is that only these studies provide sufficiently precise
estimates of risk at any dosc. Risk estimates for low doses and protracted
exposure could therefore be in error because of (1) an inappropriate
mathcmatical model, or (2) biascs in the high-dose epidemiologic studics
used to estimate the parameters of the chosen model, as discussed above.

The committee has attempted to mitigate the first problem by using
sufficiently general model classes that include most of the widely accepted
alternatives and by providing estimates of the range of uncertainty in the
estimates. In general, the estimates of risks derived in this way for doses
of less than 0.1 Gy are too small to be detectable by direct observation in
epidemiologic studies. However, it is important to monitor the experience
of populations exposed to such low levels of radiation, in order to assess
whether the present estimates are in crror by some substantial factor.

Low-Dose Studies

A number of low-dose studics have reported risks that are substantially
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in excess of those estimated in the present report. These include risks to
populations exposed to high background levels of radiation, diagnostic x
rays, and fallout from nuclear weapons testing or nuclear accidents, and to
individuals with occupationally derived exposures. Some of these studics
are discussed in more detail subsequently. Aithough such studies do not
provide sufficient statistical precision to contribute to the risk estimation
procedure per se, they do raisc legitimate questions about the validity of
the currently accepted estimates.

The discrepancies between estimates based on high-dose studies and
observations made in some low-dose studies could, as indicated above,
arise from problems of cxtrapolation. An alternative cxplanation could be
inappropriate design, analysis, or interpretation of results of some low-dose
studies. This section discusses the particular methodologic problems which
can arise in such studies, and the section on low-dose studies in Chapter
7 summarizes a number of these studies and assesses their results, taking
into account the methodological limitations discussed here.

The problem of random error caused by sampling variability is rcla-

-tively more important for low-dose than for high-dose studies. (Sampling

variation means the range of results to be expected by exact replication of
the study, if this were possible; its major determinant is sample size and
its distribution across exposure and disease categories.) To understand why
this is so, suppose that two studics were conducted, one in a population
exposed to 1 Gy and one in a population exposed to 0.01 Gy, in which
similar sample sizes and designs were used, and suppose that the resulting
standard errors on the log relative risk were the same. Thus, suppose
the relative risk in the high-dosc population was 11 with 95% confidence
intervals of 5.5 and 22 and the relative risk in the low-dose population was
1.1 with confidence intervals of 0.55 and 2.2. The point estimates on the
relative risk coefficient from the two studies would be identical at 10/Gy,
but the confidence intervals on the high-dose estimate are 4.5 and 21 and
on the low dose estimate are —4.5 and 12.0. This comparison emphasizcs
the importance of considering sampling variability in assessing the results
of low-dose studies. In fact, the problem of sampling variation is even
more scrious than this simple example would indicate. The standard error
of the relative risk in a simple 2 x 2 table of exposure by disease status is
determined primarily by the size of the smallest cell in the table, which is
usually the number of exposed cases. In most studies of low-dose effects,
this cell may be quite small, so the resulting standard error is larger than
that for high-dose studies, even if the overall sample sizes were the same.
In general, systematic biases are also relatively more important for the
objectives of low-dose studics than they are for those of high-dosc studies.
Because of the existence of more and larger populations exposed to low
doses, low-dose studies are often ecological (correlational) or case-control
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studies rather than cohort studics. The ecological and case-control studies
are particularly prone to bias in their design.

Selection bias is 2 major potential problem in case-control studies: the
major concern is over the appropriateness of the control group. This is a
particular problem for those studies in a medical setting.

Information bias leading to misclassification of either exposure or
disease status, if random, leads to undcrestimated risk, and several low-
dose studies could well involve substantial systematic misclassification, for
cxample, misclassification because of recall bias by cases in case-control
studies, Similarly, tumors which can be induced radiogenically could be
overestimated in radiation-exposed individuals.

Confounding may be more important for low-dose than for high-dose
studies. An observed relative risk of 2 is much more likely to be produced
solely by confounding than a rclative risk of 10 (Br80). The possibility
of confounding can only be judged on a study-by-study basis, but some
generalizations are possible. Ecological correlation studies, such as the
studies of areas with high levels of background radiation, are probably the
most susceptible to confounding. Residents of areas with high levels of
background radiation are likely to differ in many ways from those in areas
with low levels of background radiation. This could affect cancer rates, but
data on the relevant characteristics are unlikely to be available for analysis.
As an example, exposure to radiation from terrestrial sources may vary with
housing structure, which, in turn, may reflect a socioeconomic status that
correlates with such factors as smoking and alcohol use. This possibility
alone generally makes such studies uninterpretable, and when the ecological
fallacy discussed below is also considered, these two problems alone are
enough to make such studies essentially meaningless. Case-control studies,
on the other hand, generally offer the greatest opportunity to control for
confounding by matching or obtaining information on definabie covariates
for usc in analysis. However, the extcnt to which this has been done varies
from study to study. It is necessary, of course, to collect data on such
confounders, and, if the confounders are not recognized in advance, the
appropriate data may not be available.

Finally, three other potential biases of low-dose studies should be
mentioned (Be88). The first is the ecological fallacy, that is, that in cor-
relational studies, any excess risk occurring in a population with increased
exposure may be occurring in individuals other than the individuals who are
actually receiving the excess exposure. Second, is the possibility of selective
reporting. Epidemiologists are more likely to report and journal editors
are more likely to accept positive findings than null findings. Thus, infor-
mation in the literature on populations exposed to low doses of radiation
may be slanted in favor of thosc studies that show higher risks than the
conventional estimates, since those that show estimates consistent with the
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accepted values would not be seen as significant. The magnitude of this
potential effect is unquantifiable, but it almost certainly exists and plays a
role in the plethora of low-dose studies with a reported positive risk. Third,
there is the problem of multiple comparisons, This arises if a number of
tests of significance are made with respect to elevated risks for a number of
cancer sites. Such a process invalidates the conventional value quoted for
the test of significance and leads to more significant results than nominally
would be expected by chance. For example, in following a cohort of occu-
pationally exposed individuals, if comparisons are made for 10 cancer sitcs
with a p value of 0.05, which nominally would be expected 5% of the time
by chance for a single comparison, significant excesses would arise 40%
of the time by chance for at least one of those outcomes. Interpretation of
such results must be guided by prior hypotheses, and by consistency of results
among studies, a major criterion for causality.

RISK ASSESSMENT METHODOLOGY

Need for Models in Risk Assessment

One of the major aims of this report, as of previous BEIR reports, is
to provide estimates of the risks of cancer resulting from various patterns
of exposure to ionizing radiation. In principle, such estimates could be
derived by identifying a group of individuals with similar exposures and
similar backgrounds and following them to compare the proportion of the
group who eventually developed cancer with the proportion who developed
cancer in a comparable unexposed group or in the general population, For
situations in which it is not possible to measure the risks directly, statistical
models must be used to derive cstimates.

Large sample sizes are nceded in any such comparisons, to minimize
random variation; the rarer the disease and the smaller the effect of
cxposure, the larger the sample nceds to be. For example, the BEIR 111
report estimated that a single exposure to 0.1 Gy (10 rads) of low-LET
radiation might cause, at most, about 6,000 cxcess cases of cancer (other
than lcukemia and bone cancer) per million persons, as opposed 1o a
natural incidence of about 250,000. To identify this number as a statistically
significant excess, a cohort of about 60,000 people with the same exposure
would have to be followed for a lifctime, or an even larger number of people
would have to be studied if follow-up were for a shorter period of time.
Under idcal conditions, a case-control study to identify the same excess
would have to consist of at lcast 120,000 cases and 120,000 controls, It is
unlikely that such large groups with similar exposures could be identificd,
let alone feasibly studied. Furthermore, even if the random variation could
be overcome by the large sample sizes needed, estimates of -such small
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excess risks (2%) could casily be biased by confounding, misclassification,
or sclection effects. Epidemiologists generally agree that excess risks of less
than 50% are difficult to interpret causally (Br80). In practice, therefore,
it is necessary to obtain risk estimates by extrapolation from smaller and
less homogeneous groups who have been exposed to larger doses by using
statistical dose-response models.

The second problem is that there are many other factors that are
known to contribute to cancer risks or to modify the eflects of radiation on
cancer risks, and these factors need to be taken into account. While it is
theoretically possible to control for such factors by cross-classifying the data
into subgroups that are homogencous with respect to all relevant factors, it
is again unlikely that sufficiently large subgroups will be available to allow
for stable estimates, particularly if the number of factors is large. For
investigating lung cancer, for example, it might be necessary to control for
sex, age, time since exposure, and smoking habit; if four levels were used
for grouping each factor other than sex, a total of 128 subgroups would be
needed, each of which would need to be the minimum size if risk estimates
specific to each group were to be observed directly. Since this is not
generally feasible, it is necessary to rely on multivariate statistical models
to identify the consistent patterns across the variables simultanecusly and
to predict the risks for subgroups in which the sample sizes are inadequate.

The third problem is that direct estimates of lifetime risk can only
be obtained after an exposed population has been followed for a lifetime.
Few populations have been followed so long, and even the atomic-bomb
survivors, one of the populations followed for the longest period, has becn
followed only for just over 40 years. As the risks for many cancers in this
population are still elevated, it is an open question whether the excess
risk will continue for the remainder of the population’s life and, if so,
at what rate. It is not appropriate to wait until follow-up is complete,
however, since interim estimates of risk are needed now for public health
purposes. Again, to provide such estimates, one must faii back on statistical
modcls that adequately describe the data available so far and the range of
uncertainty around them., _

Epidemiologic data have increasingly been called on to help resolve
claims for compensation by exposed individuals. Because a radiation-
induced cancer is clinically indistinguishable from cancers caused by other
factors, such claims must be scttled on the “balance of probabilities,”
in other words, by determining what was the most likely cause, given
the individual's history of exposure to radiation, and taking into account
confounding and modifying factors. The calculation of these probabilities
of causation depends on the availability of suitable multivariate exposure-
response models. A recent National Institutes of Health working group
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(NIHSS) has provided tables of such probabilities; these were based on
data that were available at the time.

Approaches to Model Construction and Fitting

Exposure-Time-Response Models

The last 20 years have seen a rapid increase in the use of multivariate
models in the analysis of epidemiologic studies. The incidence of cancer
and other diseases that are characterized as binary endpoints (present or
absent) has usually been analyzed in terms of either the logistic model for
the probability of disease P(z) as a function of exposure ard other variables,

where z = (2,0.02p),

P(z) = 1/[1 + exp(~a — #'B)] (1-1)

or the proportional hazards model for the instantaneous rate of disease,
At ] 2), at age,

(t]2) = do(t)exp(2'B), (1-2)

where o and g are unknown regression coefficients that must be estimated,
and )o(f) is the baseline rate in unexposed subjects (z = 0). These
functions have a number of desirable mathematical properties that make
them convenient to use under a wide range of circumstances, but they are
not bascd on any particular biological theory. Thus, while they are useful
for describing patterns and testing associations in which ihere is relatively
little prior knowledge or biological theory, more reliable predictions can be
madc by using models that exploit such prior knowledge.

The Committee has chosen, instead, to base its reanalyses of original
epidemiologic data and risk assessments on the radiobiological principles
and theories of the carcinogenesis process that are described clsewhere in
this report. From this discussion, scveral considerations have emerged that
need to be considercd in designing statistical models,

Dose-Response Relations Radiobiological theory indicates that at low
doses, the risk of a biological lesion being formed should depend linearly
on dose if a single event is requircd or on the square of dose if two events
are required. It is commonly held that high-LET radiation can causc
lesions by the traversal of a single particle, but that for low-LET radiation,
either one or two photons might be required. At higher doses, radiation
can cause cell sterilization or cell death, which competes with the process
of malignant transformation. The probability of avoiding sterilization and
death follows the usual laws of survival, which indicate that it should ‘have



52 EFFECTS OF EXPOSURE TO LOW LEVELS OF IONIZING RADIATION

a ncgative exponential dependence on either dose or the square of dose
(again, depending on whether one or Lwo events aré needed). When these
principles arc combined, one obtains the general dose-response model used
in the BEIR 111 report and extensively throughout the radiation litcrature:

F(D) = (a0 + 01 D + az D?)exp(=p, D — 2 D?), (1-3)

where D is the radiation dose, and F(D) is the incidence rate of cancer, a
quantity that will be defined more rigorously below.

Dependence on Time Cancer rates vary over several orders of magni-
tude as a function of age, and the excess risk caused by radiation exposure
also varies as a complex function of age and time since exposure. Numer-
ous mathematical theories of carcinogenesis have been devised to predict
the dependence of incidence ratcs on exposure, age, and other time-rclated
factors, but so far none has won universal acceptance and there have been
few attempts to fit these models to epidemiologic data. Although the com-

mittee fclt that stronger inferences about lifetime risk might be possible

by exploiting these biomathematical models, it was unable to arrive at a
consensus as to the particular models to use. Thus, there remains a need
for simpler methods of summarizing the basic patterns of excess risk over
time that do not depend on unproven hypotheses. Because lcukemia and
bone cancer appear to differ in temporal distribution from other cancers,
these have generally been treated separately. :

Leukemia and Bone Cancer Following an instantaneous exposure 10
radiation, the rates of leukemia-and bone cancer appear to follow a wave
like pattern, rising within 5 years after exposure and then returning to near
baselinc rates within 30 years. For populations that have been followed for
at Icast that long, no problems of projection arise. One simply modcls the
risk of leukemia over the study period as a function of dose, F(D), and
treats that as a lifetime excess risk estimate. The only complication is that
the parameter estimates in F(D) may depend on sex s and age at exposure
t. For populations with incomplete follow-up, the BEIR 11l Committce
(NRC80) modelled the mortality rate, A (s,+,D), and applied that estimate
as a constant to the period from 2 to 27 years after exposure.

All Other Cancers In contrast to the rates for leukemia and bone
cancer, the rates for most other cancers appear to have remained in excess
for as long as most exposed populations have been followed. Whether
they will continue to remain elevated for the rest of the population’s life
remains an importani unanswercd question, but most risk assessments have
been based on the assumption that they will, although not necessarily
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at the same level. The BEIR III committee (NRC80) and much of the
radioepidemiologic literature has relied on two simple modcls for projecting
risks of these cancers: absolute risk and relative risk models. Letting
[T.D(t)] represent the incidence rate of cancer at age T resulting from an
instantancous exposure to dose D at age ¢, and letting Ao(t) represent the
baseline rate in unexposed persons, the two models can be represented as
follows:

Absolute risk:\[T, D(t)] = Ao(t) + Fa(D); (1-4)
Relative risk:A[T, D(t)] = Ao(1)Fr(D), (1-5)

where F(D) is given by Equation (1-3) with ag constrained 1o 0 for the
absolute risk model and 1 for the relative risk model. The BEIR III
Committce adopted two minor modifications to these models: first, the
excess risk was taken to be O for the first 10 years following exposure;
second, the coefficients of F(D) were allowed to depend on sex and age at
exposure. These modifications were extended in the BEIR IV Committec's
(NRC88) reanalyses of the data on radon and lung cancer by adopting a
general relative risk model of the form:

AT, D(t)] = Ao(8){1 + oy Dexp[f(T) + g(t) + A(T )]}, (1-6)

where «; is the average slope of a linear dose-response relationship and
£(T), g(t), and h(T — t) represent modifying effects of age at risk, age at
exposure, and time since exposure to be estimated, respectively. A gencral
model of this type is also used in this report, except that the dose term
oy D is replaced by (a2D + aaD?).

Incorporation of Other Risk Factors In addition to the time-related
factors discussed above, there are numerous risk factors that have been
identificd as having a direct effect on cancer rates; some of these may also
modify the effects of radiation exposure on cancer rates. Unfortunately,
there are relatively few studies that have assessed these other risk factors in
combination with radiation, For lung cancer, the most important risk factor
is smoking. The BEIR 1V Committee (NRC88) has reviewed the studies
reporting on the joint effects of smoking and radiation exposures and
concluded that there was cvidence of a synergistic (greater than additive)
effect, but that there was also some evidence that the eflect was less than
multiplicative. They did not, however, consider the three-way interaction of
age, smoking, and radiation. For low-LET radiation, the only data available
on this point came from the Japancse atomic-bomb survivors and appeared
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to be too sparse to merit furthcr modeling by incorporating age. Good
human data on the interaction between radiation and other exposures do
not appear to exist. The present Commitice has therefore decided not to
pursuc analysis of interaction effccts further at this time.

Approaches to Model Fitting

The approach that is taken to fitting risk models to epidemiologic
data depends on the form in which the data are available. Some of the
more complex models require access to the raw data on individual subjects
and their entire history of exposures. However, most models can be fitted
with very little loss of information by placing the subjects into subgroups
‘with similar values of the relevant characteristics, particularly dose and
age at exposure, and then tabulating their person-years al risk and the
numbers of cases of cach type of cancer as a function of age and time since
cxposure. The study data can then be summarized by two arrays, onc of
person-years, Yj, for dose group i, age at exposure group j» attained age
group k, and time since exposure interval /, and one of numbers of cancers,
Nijkim, in cach subgroup ijk! from each type of cancer m. Admittedly, the
numbers of cases in most of the cells will be small, but this does not posc
a problem for the method of analysis to be used. Next, one assumes that
the numbers of cases in each cell follows a Poisson distribution, with the
cxpected value given by the product of the rate predicted by the model
and the person-years for that cell. The data can then be fitted by the
technique of maximum likelihood. The likelihood is the probability of the
obscrved data given a particular choice of model parameters, which, in this
circumstance, is obtained from the product of the Poisson probabilitics for
cach cell of the cross-tabulation. A Newton-Raphson search is uscd to find
the parameter valucs which maximize this likelihood. Confidence limits
and significance tests can be derived from large sample thcory (Co74). The
committce uscd a computer program known as AMFIT for fitting a gencral
class of regression models for the Poisson data. Further details of the fitting
program can be found in Annex 4C to Chapter 4.

In any model fitting analysis, it is important to know how well the
mode! describes the data. There are several aspects to this question. First,
one would like an overall assessment of whether the model fits; such an
assessment is known as a goodness-of-fit test. A poor fit might be an
indication either that the chosen model is incorrect or that there is some
problem with the data; a good fit does not prove that the model is correct—
it simply means that there is insufficient evidence that the model is wrong,.
Next, assuming that the model fits, onc would like to know the range of
parameter values that is also consistent with the data; this range is known
as a confidence interval and is important in evaluating the uncertainty in
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the fitted model. Next, one would like to be assured that the model is not
unduly influenced by a few observations at the expense of the bulk of the
data or by the inclusion of variables that are too highly correlated to be
separated. Techniques to identify these types of problems are known as
diagnostics and were used by the Committee throughout these analyses, as
discussed in Annex 4F

Special Problems

Pooling Data From Multiple Studies  For many cancer sitcs, information
was available from more than onc epidemiologic study, raising the issue of
how these data should be combined for risk assessment purposes. Because
the studies generally differed in the nature of the cxposures, the populations,
and numerous methodological details, it was considered inappropriate to
simply combine all of the raw data into a single data sct. Instcad, cach
of the studies for which original data were available to the committec
were analyzed separately to obtain an estimate of the relevant parameters
and their uncertainties. Formal tests of homogencity were cargigd out to
assess whether any differences in results could reasonably be ascribed to
chance. If the results appeared to be consistent, an overall estimate could
be obtained by a matrix weighted average and an estimate of the uncertainty

‘of the pooled estimate could easily be derived. On the other hand, if the

results appeared to be discrepant, the committee had to make a subjective
judgment as to the quality and relevance of each of the studies.

Use of Animal Data ‘The committee felt strongly that its risk assess-
ments should be based on human data to the extent that they were available
and that animal data should be uscd only to address questions fer which
human data were unavailable or inadequate. Questions in the latter cate-
gory included the RBE of ncutrons and gamma rays and the effect of dosc
rate. » :

Treatment of the RBE Onc of the problems for which the human data
are inadequate is that of estimating the RBE for neutrons. The BEIR'
III Committee (NRC80) attempted to estimate the RBE for leukemia
from the data from Japanese atomic-bomb survivors and then applied their
estimate to the data on solid tumors. Aside from the inappropriateness of
treating this point estimate as if it were known with certainty, the approach
is no longer valid because reassessment of the atomic-bomb dosimetry
has largely eliminated the differences in responses between Hiroshima and
Nagasaki on which the previous estimate of the RBE was based. It therefore’
became necessary for the present Committee to rely on animal data for this
purpose. For all analyses of the Radiation Effects Research Foundation
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(REREF) data, a value of 20 for the RBE for neutrons was assumed as a
fixed constant. The justification for this choice is given in Chapter 4. |

Projection of Lifetime Risk Estimates i

A\Y

Once the epidemiologic and animal data are summarized in the form
of an exposurc-time-response model, the final stage of risk assessment
involves the calculation of lifetime risk for patterns of exposure of particular
intercst. This is done with standard life table (mortality table) techniques
(BuB1). Consider the case of lifetime exposure at a constant annual rate.
A lifc table analysis would proceed as follows. Starting with a hypothetical
population of 1 million newborn infants, the first column in the life table
gives the number of infants that arc cxpected to survive to each age.
The second column gives the cancer rate predicted by the exposure-time-
responsc model, and the third column gives the number of cascs of cancers
that would result; this is given by the product of the first two columns.
The fourth column gives the number of deaths from other causes, based on
current mortality rates, which are not assumed to depend on radiation. The
number of survivors at the beginning of the next age interval is therefore
the number at the start of the interval minus the number of radiogenic and
nonradiogenic deaths, and the process continues until the entire cohort is
dead (although, in practice, the calculations are usually terminated at age
100). The total number of excess cases of cancer is estimated by subtracting
the number of deaths obtained from a similar life table for persons with no
radiation cxposure.

For protracted exposures, these calculations assume that each incre-
ment of cxposure contributed independently to the cancer rates. Thus, the
risk at age T is given by the background rate plus the sum over the entire
exposurc history of the excess rate attributable to each exposure increment;
that is, if D(r) represents the history of radiation doses at each age ¢ and
[T,D(1)] represents the postulated dependence of cancer rates on age and
each increment of exposure then the risk from the the entire history .of
exposure is given by:

MT, D()] = Mo(T) + [o T{A[T, D(t)] = Mo(T)}dt. (1-7)

This implies that the rate is a function of cumulative exposure (possibly
weighted by a function of age at exposure or time since exposure). There
is evidence, however, that the contributions of extended exposures are not
simply additive: for low-LET radiation, protracted exposures appear to
be less hazardous than instantaneous exposures of -the same total dose,
possibly because sublesions caused by the first event can be repaired before
additional cvents occur; £Gi-high-LET radiation, the effect may simply be
additive, or protracted exposures may, cven be more hazardous, possibly

()

L
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because subsequent radiation exposure can promote already initiated cells.
The committee acknowledges this problem but, as cxplained carlier in
this chapter, it does not belicve that sufficient information is available to
dcal with this question in a definitive manner. The commitice therefore
chose to retain the assumption of independence for the calculations but to
present the results in such a way that the reader can make adjustments for
protracted cxposure when warranted.

Uncertainty of the Risk Estimates

Unlike the BEIR III Commitice (NRC80) which presented a range
of lifetime risks based on relative and absolute risk models for several
choices of dosc-response functions, the present committee has chosen to
asscss the uncertainty of the projected lifetime risks by using a Monte Carlo
simulation approach. The committee’s preferred exposurc-time-response
model for a particular site of cancer or group of sites was characlerized by
a vector of parameter estimates and a covariance matrix which describes
the uncertainty in each paramcter. By repcated sampling from the set
of possible parameter valucs, with sampling probabilitics determined by
their covariance matrices, 1,000 sets of possible parameters were obtained.
Each combination was then applicd to the life table calculation described
above to obtain a set of predicted lifctime risks. The resulting distribution,
presented in Chapter 4, gives a measure of the statistical uncertainty in the
committec’s risk estimates under the preferred model. Other sources of
uncertainty, external to the preferred model and its statistical uncertainty,
arc discussed in Annex 4F,

A number of other modcls fit the data nearly as well. The Monte Carlo
simulation could, in principle, have been extended to inciude sampling over
alternative models. However the committee invoked a number of non-
statistical critcria, e.g., biological plausibility, to chosc between alternative
modcls, and feit that using a simple goodness-of-fit criteria as weights in
the Monte Carlo simulation would not adequately reflcct this process. Life
table results are presented in Annex 4D for a number of alternative models.
It is of interest that the range of life table risks estimated under thesc al-
ternative models is less than the uncertainty estimated by the Monte Carlo
simulation.
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2

Genetic Effects of Radiation -

INTRODUCTION

Ionizing radiation damages the genetic material in reproductive cells
and results in mutations that are transmitted from generation to generation.
The mutagenic effects of radiation were first recognized in the 1920s,
and since that time radiation has been used in genetic research as an
important means of obtaining new mutations in experimental organisms.
Although occupational exposure to high levels of radiation has always been
of concern, not until during and after World War II was there a concerted
effort to cvaluate the genetic cffects of radiation on entire populations.
Thesz-cflorts were motivated by concern over the effects of extremely large
EoY of radiation that were being developed in the nuclear industry, of
uadioacuvc fallout from the almosphenc testing of atomic weapons and of

/ ; _»_,.ne rapidly increasing use of radiation in medical diagnosis and therapy. In
"+ 1956 the National Academy of Scicnces-National Rescarch Council (NAS-

NRC) cstablished the Committce on the Biological Effccts of Atomic
Radiation (denoted- the BEAR Committee), which was the forerunner of
the subscquent NAS-NRC committees on the Biological Effects of Ionizing
Radiation (BEIR committees; of which this BEIR V report is one). A
serics of reports from the U.N. Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) has also addressed the genetic effects of
radiation exposure on populations.

Although there is a continuing need to assess the genetic effects
of radiation exposure, for scveral rcasons the perspective has changed
somewhat from that in the 1950s. First, it is now clear that the risk of cancer
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in individuals exposed to radiation is significant and that limiting exposure
to radiation to reduce the risk of cancer also limits the genetically significant
exposure. Second, the instruments and techniques used in medical radiation
have improved significantly, so that the overall doses used in medical
diagnoscs are reduced and paticnt exposure in all but the targeted organs
is lessened. Third, in regard to the induction of mutations, the greater
current risk seems to result from exposure to chemical mutagens in the
environment rather than from the exposure of populations to radiation.
Despite changed conditions, estimating the genetic effects of radiation
remains important for setting exposure standards, both for the gencral
population and for those exposed in their occupations.

There are many difficulties in measuring the genetic effects of exposure
of the human population to radiation and other mutagens. This is why,
more than 20 years after the BEAR Committee first addressed the issucs of
radiation exposure, there is still uncertainty and controversy. The following
arc some of the difficultics and considerations that must be kept in mind.

The genetic effects of radiation are expressed, not in irradiated indi-
viduals, but in their immediate or remote offspring. The time lag is great
because of the duration of the human life cycle, and massive epidemiologic
studics with long-term follow-up are needed to accumulate sufficient data
for statistical analysis. Moreover, for risk estimation of exposures that are
not uniformly or randomly delivered to the entire population, the age and
sex distribution of the exposed population and the different probabilities of
having children for members of the population of each age and sex must
be taken into account.

The mutations induced by radiation can also occur spontaneously.
When humans arc exposed to low doses of radiation, it is difficult to
estimate what small increment of mutations is induced by radiation above
that from spontancous background radiation. However, radiation has been
found to be mutagenic in all organisms studied so far, and there is no reason
to supposc that humans are exempt from radiation’s mutagenic eflects.
These mutagenic effects are expected 1o be harmful to future generations
because, in experimental organisms, the majority of ncw mutations with
detectable cffccts are harmful, and it is assumed that humans are affected
similarly. Indced, the harmful cflects of mutations that occur spontaneously
in humans are well documented, because many of them result in genetic
diseasc,

The genetic effects of radiation must be detected through the study of
certain endpoints, for example, visible chromosome abnormalities, protcins
with altered conformations or charges, spontancous abortions, congenital
malformations, or premature death. In addition, radiation induced muta-
tions may aflect different endpoints to different degrees. For example, the
dose of radiation required to double the incidence of one endpoint nced
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not be the same as that requircd to double the incidence of a differcnt
endpoint.

The BEIR I Committee (NRC72) espoused five general principles
of risk estimation. Subscquent committees have generally followed thesc
strictures whenever possible, as has the present committee. They are as
follows:

1. Use relevant data from all sources, but emphasize human data
when feasible. In gencral, when data of comparable accuracy exist, place
greater emphasis on organisms closest to man.

2. Use data from the lowest doses and dose rates for which reli-
able data exist, as being more relevant to the usual conditions of human
exposure,

3. Use simple lincar cxtrapolation between the Jowest reliable dose
data and the spontanecous or zcro dose rate. In order to get any kind
of precision from experiments of manageable size, it is necessary to use
dosages much higher than those expected for the human population. Some
mathematical assumption is necessary, and the linear model, if not always
correct, is likely to err on the safe side,

4. 1f cell stages difler in sensitivity, weight the data in accordance with
the duration of the stage.

5. If the sexes difler in sensitivity, use the unweighted average of data
for the two sexes.

Deliberate exposure of humans to radiation without diagnostic or
therapeutic justification is unacceptable, and therefore, most genetic stud-
ics have had to be carricd out in experimental organisms, particularly mice.
Such studies raise numerous additional problems of their own, including
extrapolation of results obtained under experimental conditions to the con-
ditions relevant to population exposure, such as dose rates, fractionation,
and other variables; and extrapolation from an experimental organism
such as the mouse, in which radiation cffects may be estimated with some
confidence, to humans, because organisms differ in radiation sensitivity.

- UNSCEAR (UNS86) has summarized three principal assumptions that
are necessary for extrapolating data from mice and other suitable mammals
o humans:

1. The amount of genetic damage induced by a given type of radiation
under a given set of conditions is the same in human germ cells and in
those of the test specics used as a model, ,

2. The various biological (c.g., sex, germ cell stage, age, etc.) and
physical (e.g., quality of radiation, dose rate, etc.) factors affect the magni-
tude of the damage in similar ways and to similar extents in the experimental
species from which extrapolations are made and in humans.
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3. At low doses and at low dose rates of low-LET (linear energy
transfer) irradiation there is a linear relationship between dose and the
frequency of genetic cffects studied.

Dircct studies of the genctic effects of radiation exposure to human
populations have been carricd out on the children of the Japanese pop-
ulations in Hiroshima and Nagasaki who were irradiated in the atomic
bombings in August 1945. Results of these careful and very extensive stud-
ies, when taken at face value, suggest that ilumans may be somewhat less
sensitive to radiation than mice.

The BEIR I Committee (NRC72) used two methods of estimating ge-
netic effccts. One method relied on direct estimates. This method was used
whenever possible, for example with reciprocal translocations. The other
method was indirect and was uscd for such endpoints as gene mutation.
The indirect method required estimates of the mutation rates, the incidence
of genetic disease in the human population, and the extent to which the
incidence depends on recurrent mutation, to infer the increased incidence
of genetic disease resulting from radiation exposure. Both immediate, first-
gencration eflects and long-term, equilibrium effects were estimated from
either the direct or indirect estimates of induced mutation by taking into
account the presumed rates of mutant climination to project the ratio of
newly induced genetic damage 1o that transmitted from previous genera-
tions. The BEIR III Committee (NRC80) reviewed and updated the BEIR
I report (NRC72). New estimates caused some changes in the previous
estimates, and some new methods of estimation were added.

The BEIR V Committee has reviewed and reevaluated the data that
are pertinent to the estimation of genetic risks in humans. The present
report summarizes the methods and conclusions of previous committces.
In deriving new risk figures, it places rather more emphasis on the results
of the studies of Japanese atomic-bomb survivors than have previous BEIR
reports. However, the committce has also made use of the extensive
radiation studics carried out with mice, which are briefly reviewed.

SUMMARY OF CONCLUSIONS

Based on our review of relevant data from humans, other mammals,
and mice, the BEIR V Committce believes that the values in Table 2-1 give
the current best estimates of risk based on the conclusion that the doubling
dose in humans is not likely to be smallcr than the approximate 1 Sv (100
rem) obtained from studies in mice. Table 2-1 gives the estimated genetic
effects of an average population exposure of 1 rem/30-year generation.
Admittediy there are uncertainties, but the calculated risks are based on
an impressive body of data and knowledge of radiobiological principles.
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As will be reviewed below, attempts to estimate doubling doses from
data on Japanese atomic-bomb survivors have consistently led to values
larger than those derived from the animal data, and consequently they
imply lower risks. Although risks calculated from animal data have large
confidence intervals, estimates from those cxposed to radiation in Hi-
roshima and Nagasaki are known with cven less precision. In spite of these
uncertaintics, the data suggest a real difference, with the estimated lower
95% confidence limit of the human data approximating the median of a
large number of values obtained in mice. If it is assumed that the apparent
difference is real, humans would be less sensitive to radiation induction
of mutations in germ cells than mice, and the risks in Table 2-1 should
be considered conservative. On the other hand, the human data might be
biased too low for reasons that arc not presently understood, in spitc of
all the careful work that has gone into their collection and analysis. The
BEIR V Committee is in no better position to decide the issue than were
the previous groups and individuals who have grappled with it. Considering
the uncertainty, the BEIR V Committee has adopted what it considers a
prudent position in basing its risk estimates on the approximate lower 95%
confidence limit for humans. This approach, while admittedly conservative,
has the advantage of leading to risk estimates that, if anything, arc too high
rather than estimates that subsequent data may prove to be too low.

The background and methodology for the estimates given in Table 2-1
are provided in the following sections. The material not only provides the
background for Table 2-1 but also summarizes the methods and conclusions
of previous BEIR, UNSCEAR, and other reports.

It must be emphasized again that virtually all mutations have harmful
effects. Some mutations have drastic effects that are expressed immedi-
atcly, and these are eliminated from ihe population quite rapidly. Other
mutations have milder effects and persist for many generations, spread-
ing their harm among many individuals in the distant future. However,
many of the long-term cffects arc impossible to estimate given present data
and understanding, and for this reason the present committee emphasizes
the cffects of mutations that manifest themselves in the first generation,
since these are of immediate concern and can be estimated with some
confidence. The effects in the first generation are primarily these caused
by simple Mendelian dominant and X chromosome-linked rccessive traits
because of their high heritabilities. Other kinds of mutations may be more
important in the long run and constitute a significant burden for future
generations.

Much of the uncertainty in estimating the risks of radiation-induced
mutations centers on traits with complex patterns of inheritance that result
from the combination of multiple genetic and environmental factors. Risk
estimates are determined in part by the degree to which these traits are
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Table 2-1 Continued

TABLE 2-1  Estimated Genetic Effects of 1 rem per Generation®

Additional Cases/10° Liveborn
Offspring/rem/Generation

Current Incidence
per Million Liveborn

Type of Disorder Offspring

First Gencration  Equilibrium

Autosomal dominant

Clinically severe” 2,500 5-20° 25¢

Clinically mild’ 7,500° 1-15¢ 75°¢
X-linked 400 <l <5
Recessive 2,500 <l Very slow increase
Chromosomal

Unbalanced

translocations 600" <5 Very little increase

Trisomies’ 3,800° <1 <1
Congenital

abnormalities 20,000-30,000 (14 10-100%

Other disorders of
complex etiology’

Heart disease™ 600,000
Cancer 300,000 Not estimated Not estimated
Selected others 300,000

“ Risks pertain to average population exposure of | rem per generation to a population with
‘the spontancous genetic burden of humans and a doubling dose for chronic exposure of 100
rem (18v).
b Assumes that survival and reproduction are reduced by 20-80% relative to normal (s =
0.2-0.8), which is consistent with the range of values in Table 2-2.

‘ Approxlmatcs incidence of severe dominant traits in Table 2-2,

9 Calculated using Equations (2-7), with s = 0.2- 0.8 for clinically severc and s = 0.01-0.2
for clinically mild.

‘ Calculatcd using Equation (2-1), with the mutational component = 1.

! Assumes that survival and reproduction are reduced by 1-20 percent relative to normal

(s = 0.01-0.2).

¥ Obtaincd by subtracting an estimated 2.5 clinically scvere dominant traits from an csu-

mated total incidence of dominant traits of 1H0,(KX).

4 Estimated frequency from UNSCEAR (UN&82, UN86)
! Most frequent result of chromosomal nondisjunction among liveborn children. Estimated
frcqucncy from UNSCEAR (UN8#2, UN&H6).
/ Based on worst-case assumption that mutational component results from dominant genes
with an average s of (L1; hence, using Equation (2-3), excess cases <3(,(KK) x 0.35 x
100! x 0.1 = 10.

"C’:Icuhlcd using Equation (2-1), with the mutational component 5-35%.
! Lifetime prcvalence cstimates may vary according to diagnostic criteria and other factors.
The values given for heart discase and cancer are round-number approximations for all
varietics of the discases, and the value for other sclected traits approxintates that for the
tabulation in ‘Table 2-4.

™No implication is made that any form of heart discasc is caused by radiation among exposed

« individuals. The effect, if any, results from mutations that may be induced by radiation and
expressed in later generations, which contribute, along with other genes, to the genctic
component of susceptibility. This is analogous te environmental risk factors that contribute
to the environmental component of susceptibility. The magnitude of the genctic component
in susceptibility to heart discase and other disorders with complex ctiologies is unknown,

Most genes affecting the trails are thought to have small effects, and new mutations would
cach contribute a virtually insignificant amount to the total susceptibility of the individuals
who carry them. However, a slight increase in genetic susceptibility among many individuals
in the population may produce, in the aggregate, a significant effect overall. Because of
great uncertainties in the mutational component of these traits and other complexities, the
committee has not made quantitative risk estimates. The risks may be negligibly small, or
they may be as large or larger than the risks for all other traits combined.

determined by mutations, but the mutational component of many of the
most common traits is very uncertain. The BEIR V Committee recom-
mends that more research be carried out on such complex disorders to sort
out their genetic and environmental causes.

METHODS OF RISK CALCULATION

Table 2-1 is based on the doubling dose method, which is summarized
below, along with several other methods that have been used.

The Doubling Dose Method
The doubling dose method is based on the following equation:

induced burden = spontaneous burden x (doubling dose)"1
x mutation component x dose. (2-1)

As a hypothetical example, if the spontaneous burden is 20,000 per
million liveborn for some class of genetic disease in the human popu-
lation, the doubling dose is estimated to be 100 rem, and the average
mutation component for these discases is one-half, then, if the parents in
cach generation are exposed to 1 rem, the induced burden is 100 cases/10°
liveborn/generation. That is, after the population has reached a new equi-
librium between selection and mutation (which.is inflated by the added
increment of radiation), one expects 100 additional cases of genetic disease
in each generation because of the increased radiation,

Although the doubling dose method is based on equilibrium consid-
erations, the method can be used to estimate the effects of an increase
in the mutation rate on the first few generations by taking a proporlion
of the equilibrium damage. For example, for a permanent increase in the
mutation rate, the effect of a dominant mutation in the nth generation is
1 — (1 — s)* of the equilibrium damage, where (1 — s) is the ﬁtness of
carriers of the dominant gene.
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In previous BEIR reports the reciprocal of the doubling dose has
been called the relative mutation risk, and Equation (2-1) can be written as
follows:

induced burden'= spontancous burden x (relative mutation risk)
%X mutation component x dose. (2-2)

This was done, in part, to avoid the concept of doubling dose, which
is sometimes misunderstood. By definition, the doubling dose is that
dose required to induce a number of mutations equal to the spontaneous
frequency. However, its use in this report is confined to the range of low
doses at which the dose-response curve is essentially lincar. We thus have
m = mg + aD, where my is the spontancous frequency, D is the dose, a is
the induction rate, and m is the total mutation frequency (spantaneous plus
induced). The doubling dose is- then mp/a and its reciprocal, afmo= (m
— ng) moD is the relative mutation risk, that is, the number of mutations
induced as a fraction of the spontaneous number per unit dose.
If the sexes differ in doubling dose, then the overall doubling dosc is
a weighted average of the sex-specific doubling doses. Denoting the male
and female sexes as 1 ard 2, respectively, and again attending only to the
linear part of the dose-response curve, the following equation is obtained:

m=my +mg+ay Dy +aD; (2-3)

where my, a;, D, and mg, a2, D, are the sex-specific spontaneous fre-
quencies (m), induction rates (a), and doses (D) for males and females,
respectively. If a population were exposed to Dy = DDy = my/ay and D,
= DD, = my/a,, the mutation burden would double. DD, and DD, are.
the sex-specific doubling doses for males and females respectively. The
common dose to both sexes that will double the mutation rate is:

DD = (my 4+ m3)/(ay + az) (2-4)

which is the a-weighted average of the sex-specific doubling doses.
Doubling doses from experimental mouse data are usually based on
the exposure of a single parent and are sometimes referred to as gametic.
Doubling doses estimated from the data from Japanese atomic-bomb sur-
vivors arc sometimes based on joint parental exposure and are referred to
as zygotic. For example, Neel and Schull (Ne74) have regressed various
endpoints such as carly infant death and malformations on the sum of the

f

i
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mother’s and the father’s doscs. In this situation the lincar part of the
rcsponse curve can be written as (assuming a mutation component of 1)

m=m+mg+a(D)+ Dy). (2-5)

An cstimate of the doubling dosc of (m; + my)/a is then the summed
parental dose that would double the mutation rate. Neel and Schull and
collaborators have called this the zygotic doubling dose. To convert this to
an average, or gametic doubling dose for the sexes, the zygotic doubling

dose is divided by 2.

The Direct Method

The direct method of risk calculation was pionecred by Ehling
(Eh76a,b) and Seclby and Sclby (Se77) to estimate first-gencration eflects
for dominant mutations rather than relying on the assumption of the pro-
portionate effects implicit in the doubling dose method.

In the direct method, the induction rate for a specific class of defects
in mice (c.g., cataracts and skeletal anomalies) is mcasured directly by
using high-dose-rate radiation, and the results are corrected for dose rate.
Then, the proportion of serious dominant genetic disorders in humans that
involves similar defects is estimated, and this is used as a proportionality
factor to estimate the effect of radiation on all dominant mutations in
humans. For example, if the spermatogonial chronic induction rate for
skeletal defects in the mouse was 4 x 10~8/rad/gamete, and in humans
about one in five serious dominant disorders involved the skeleton, then
the first-generation cffect of spermatogonial chronic radiation would be
estimated by this method as 20 induced cases/10° liveborn/rad.

The committee had little confidence in the reliability of the individual

- assumptions required by the dircct method let alone the product of a long

chain of uncertain cstimates that follow from these assumptions. Therefore,
they did not place heavy reliance on the direct method in making their risk
estimates, but used it only as a test of consistency.

The Gene Number Method

In the gene number method, one attempts to estimate the total number
of mutations produced by exposurc to radiation by using the equation:

No. of induced mutations = No. of genes
x (induction ‘rate/gene/unit dose) x dose. (2-6)

This .approach dates back to the BEAR Committee- (NRC56) and
Muller’s clegant concept of “genetic death.” BEAR states:
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One way of thinking about this problem of genetic damage is to assume that
all kinds of mutations on the average produce equivalent damage, whether as
a drastic effect on one individual who lcaves no descendants because of this
damage, or a wider effecct on many. Under this view, the total damage is
measured by the number of mutations induced by a given increase in radiation,
this number to be multiplied in one’s mind by the average damage [rom a
typical mutation.

In other words, each harmful mutation ultimately causcs one genetic
death, which is either expressed all at once in the death of a single individual
or is perhaps spread out as smaller effects over hundreds of individuals and
hundreds of generations. Onc difficulty with this approach is that it is
difficult to translate it usefully into societal cost and human suffering.
Another problem is that no satisfactory definition or estimate of the total
number of mutable genes is available. For these and other reasons, the
BEIR V Committee eschewed risk estimates based on genc number.

PREVIOUS ESTIMATES OF HUMAN DOUBLING DOSE

BEAR (1956)

The BEAR Committee (NRC56) concluded that “the actual value of
the doubling dose is almost surcly more than SR and less than 100R. It
may very well be from 30R 1o 80R.” The exact calculations from which
these values, in roentgens, were obtained are not included in the report,
except to say that

the calculations which lead to an estimate of this ‘doubling dose’ necessarily
involve the rates of both spontancous and radiation-induced mutations in man.
Necither of these rates has been directly measured; and the best one can do is
to usc the excellent information on such lower forms as fruit flies, the emerging
information for mice, the few sparse data we have for man—and then use the
kind of biological judgement which has, after all, been so gencrally successful in
interrclating the properties of forms of life which superficially appear so unlike
but which tum out to be remarkably similar in their basic aspects.

No distinction between acute and chronic dose was made. The doubling
dosc range given by the BEAR Committce would now be considered to
apply to acute radiation. It must be remembered that at the time that the
BEAR report was written, neither the dose-rate effect nor the distinction
between premeiotic and postmeiotic cell stage response to radiation were
known. ’

BEIR I (1972)

The BEIR T (NRC72) estimate of the doubling dose was given as a
range of 20-200 rem, which was determined as follows. A chronic radiation
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dose 1o mouse spermatogonia was said to yield about 0.5 x 10~7 recessive
mutations/rem/gene. The comparable figure for mouse oocytcs was taken to
be zero, giving an average of 0.25 x 10-7. The spontancous mutation ratc
was estimated from human dominant and X chromosome-linked mutation
data to be in the range 0.5 x 1076 to 0.5 x 10-5, giving the doubling
dose range of 20-200 rem. The figure of 20 rem was considered as being
probably too low after a rough minimum doubling dose was calculated from
the data then available from survivors in Hiroshima and Nagasaki.

BEIR III (NRCS0)

Although BEIR III (NRC80) subscribed to the gencral principles
of BEIR I (NRC72), it disagreed with the calculation of the doubling
dose. Unlike BEIR I, which constructed a hybrid doubling dose based
on the induced mutation rate in mice and the spontaneous mutation rate
in humans, BEIR III chose to calculate a doubling dose for mice and
extrapolate it to humans. The stated objection to the BEIR I method was
that it mixed the induced rate of a set of mouse genes preselected for high
mutability with an estimate of a human spontaneous rate for more typical
genes. BEIR III took as an induced rate 6.6 x 10~8 mutations/locus/rem,
from mouse spermatogonia irradiated at 0,009 rem/minute and below. The
corresponding spontaneous rate was 7.5 x 10~6, giving a point estimate of
the doubling dose (for chronic radiation) of 114 rem. The committee then
doubled and halved this figure to arrive at a final range of 50-250 rem to
take into account uncertainties raised by the mouse oocyte data and the
data from atomic-bomb survivors in Japan.

Other Estimates Based on Mice

Abrahamson and WolfI's (Ab76) linear-quadratic analysis of the mouse
data lcad to doubling dose estimates in the range of 43-131 rad. Analyses
of data from Russell (Ru77) and Russell and Kelly (Ru82a) on low-dose-
rate data in female and malc mice, respectively, give a range of 99-160
rad. Finally, Denniston’s (Dc82) analysis of the mouse data using the Lea
(1947) model Y = a + bD + ¢D?G yiclded a point estimate of 109 rad.

The Japanese Data

In contrast to the doubling dose estimates in mice, those derived from
the human data have tended to be larger, sometimes by a factor of 3 or
more. For example, Schull et al. (Sc81) state:

In generél, human exposure to radiation will not be acute and of the magnitude
experienced by the inhabitants of Hiroshima and Nagasaki, but either interrupted
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or chronic, and at much lower levels. Under such circumstances, the genetic yield
of chronic radiation in mice is approximatcly one-third that of acute radiation. If
mice and people are similar in this respect, the doubling dose for human chronic
exposure suggested by these data becomes 468 rems, in contrast to the estimate
of 100 rems for low LET, low dose, low-dose-rate exposure recently adopted by
a commitice of the Intcrnational Commission on Radiological Protection.

Past committces have been reluctant to make heavy quantitative use
of the data from Japan, despite their careful collection and analysis, in part
because doubling doses derived from them are highly sensitive to several
assumptions. For example, with respect to the two endpoints untoward
pregnancy outcome and F; mortality, Neel, Schull, and collaborators have
usually assumed a spontancous ratc of about 5% and a mutation component
of about 5%, giving a spontaneous rate due to mutation of 0.0025. This is
the numerator in a doubling dose estimate. However, a problem that these
investigators have always been keenly aware of is that the doubling dose
estimates are extraordinarily sensitive to these assumptions. For example,
if the mutation component of untoward pregnancy outcome were actually
3% rather than 5%, a difference well within the range of plausible values,
then the published doubling dose would be 40% too high. On the other
hand, if the truc mutation component were 7%, the published doubling
dose would be 40% too low. Similarly, using 4% rather than 5% as the
mutational component decreases the doubling dose by 20%, and using 6%
. as the mutational component increases the doubling dose by 20%.

Additional uncertainties complicate the estimation of human doubling
dose. For example, ncither the total spontaneous rate nor the induction
rates per rad (which are not significantly different from zero in the Japanese
data) are known with much precision. In addition, it is not obvious that
the factor of 3 often used to convert the Japanese data from a high to
a low dose rate is entircly appropriatc. This factor was obtained from
irradiation of mousc spermatogonia. Given that mouse data arc the only
data available on this point, the inference from the Japanesc data that the
mean radiosensitivity of humans is different from that of mice suggests that
the dosc rate conversion factor may also differ. Additional uncertainties
in interpreting the conversion factor for mice are that it comes from
tomparison of acute high doses and chronic high doses and not from the
more relevant comparison of acute low doses and chronic low doses, and
the mouse data are based in part on experiments with radiation of different
qualitics (x rays, '3°Cs gamma rays, and ®®*Co gamma rays), although
radiation quality is unlikely to contribute much to the difference. These
issues are admittedly difficult, but the doubling doses quoted for chronic
radiation are very sensitive to the conversion factor. Prudence again seems
to dictate that risks be based on a lower confidence limit rather than a
point estimate.
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CALCULATION OF RISK ESTIMATES

The risks in Table 2-1 are based on the assumption of a doubling dose
of 100 rem. This is in agreement with the UNSCEAR reports of 1972,
1977, 1982, and 1986. A doubling dose of 100 rem approximates the lower
95% confidence limit for the data from atomic-bomb survivors in Japan,
and it is also consistent with the range of doubling doses observed in mice.
While it is somewhat arbitrary, the number has the advantage of arithmetic
simplicity and is a round number that does not invitc an unwarranted
assumption of high accuracy. To the extent that the risks in Table 2-1 may
be inaccurate, they are to be regarded as probably being too high rather
than too low. For purposes of setting radiation standards, it is wiser to
cstimate risks that might be too large rather than risks that might be too
small.

Estimating First Generation and Equilibrium Effects
Dominant Disorders

Sevcral':ﬁ';"i/lpproachcs to dominant disorders are possible. BEIR 1
(NRC72) essentially used the formula:

first generation eflect = spontaneous burden
x (doubling dose)™" x s, (2-7)

where 1 — s is the assumed average fitness of individuals suffering from
dominant disorders. The BEIR I committee (NRC72) assumed a spon-
tancous burden of 1%, a doubling dose of between 20 and 200 R, and
they estimated s as about 1/5, giving a first gencration cffect of 10 to 100
cascs/10° liveborn/R. BEIR 111 (NRC80) assumed the doubling doses to be
in the range of 50-250 R and similar cstimates for the spontancous burden
and fitness as in BEIR I, from which the formula cstimates 8-40 cases/106
liveborn/R. (However, BEIR III used the direct method for calculating
dominants, see below). Raising the lower bound from 20 to 50R has a
significant effect on the estimated risks.

The very different direct method for estimating first-generation effects
of dominant disorders was pioncered by Ehling (Eh76a,b) and Selby and
Selby (Se77), as described earlier in this chapter. BEIR III (NRC80)
invoked the following argument using the data of Selby and Selby (Se77)
on the induction of skeletal mutations in mice by gamma irradiation:
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risk = induction rate of skeletal mutations (37/2646)(600~")
x correction for dose rate and fractionation (1/3)(1/1.9)
‘x multiplication factor for extrapolating
skeletal to all dominants (5 — 15)
x correction for seriousness of traits (0.25 — 0.75)
x correction for sex (1.44)
=5-65x 10"

This argument gave a risk of 5-65 dominant disorders/10° liveborn in the
first generation after exposure of the entire population (both sexes) to 1
rem, but the calculation requires the multiplication of several factors of
uncertain magnitude. The argument also implies that the average fitness
for dominant disorders is 0.675-0.875 (bracketing the value of 0.8 assumed
in BEIR I), which is in good agreement with the value of 0.83 calculated
from the data of Childs (Ch81) in Table 2-2 (discussed below).

Ehling (Eh78) used data on the induction of cataracts due to a domi-
nant mutation in mice from gamma irradiation to estimate the risk following

1 rem as:

risk = induction rate per rem (1.3 x 10°%)
x correction for dose rate and fractionation (0.3 x 0.85)
x multiplication factor for total dominant damage (32.4)
x cxtrapolation factor from mouse to human (1.2)

=14 x 10~

In these and the previous example the correction factors used for low
dosc rate, fractionation, and sex were all derived from data using the mouse
specific locus system for detecting recessive mutations, which is described
in a scction on animal studies later in this chapter.

NUREG/CR-4214 (NURSS5) gave an estimate of 110 cascs of newly
induced dominant disorders in 490,000 births after an exposure of approx-
imately 8 R. This corresponds roughly to 30 cases/10° liveborn/R.

A somewhat differcnt approach is as follows. Childs (Ch81) has as-
sembled data on some 25 dominant human genetic disorders or groups of
disordcrs, the most severe of which are listed in Table 2-2. The total birth
frequencies in Childs’ tabulation is given as 5,840 x 10~ ,with an average
selection cocflicient of about 1/6. Assuming a doubling dose of 100 R, the
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TABLE 2-2 Live Birth Frequencics, Reproductive Fitness, and
Mutation Rates for Dominant Disorders

Discase (10%) Birth Frequency (10%)  Fitness  Mutation Rate (10°)

Diseases for whicl reasonable estimate of mutation rate is possible

Retinoblastoma 24 0.5 O
Polyposis coli 71 0.8 7
Neurofibromatosis as0 0.5 93
Spherocytosis 220 0.8 22
Huntington discase 30 0.8 N
Myotonic dystrophy 220 0.7 28
Blindness kit 0.3 10
Decaf mutism 69 0.3 24
Cataracts with carly onset 40 0.7 O
Aniridia is 0.9 3
Cleft lip with lip pits 11 0.8 !
Paolycystic kidney disease 860 0.8 76
Primary basilar impression 100 0.8 10
Achondroplasia 30 0.2 12
Diaphysial aclasia 50 0.7 8
Osteogenesis imperfecta 40 0.6 9
Ostecopetrosis 10 0.8 1
Marfan syndrome 30 0.7 b
Tuberous sclerosis 25 0.2 10
Rare discases of carly onsct 130 0.5 30
TOTAL 2,625 366
Diseases for which mutation rate estimate is subject to large uncertainty
Hypercholesterolemia 2,060 1.0 <20
Porphyria: intermittent acute K] 0.9 !
Porphyria: varicgate 15 1.0 <1
Otosclerosis 1.000 1.0 <)
Amelogenesis imperfecta o 1.0 1
Dentinogencsis imperfecta 125 1.0 <|
TOTAL 3.215 <43
GRAND TOTALS 5.840 M

SOURCE: J. D. Childs (Ch81).

Childs’ data give a first generation effect of about 10 dominant cases per
million liveborn per R. i

Alternatively, one can use Childs’ estimates of the spontancous muta-
tion rates for these disorders, by means of the approximate relation

first-generation effect = 2U/doubling dose,

where U = 409 x 10~% is the total spontanéous__‘mutation rate (Ch81).
The estimate is 8 cases/106 liveborn/R. The two estimates from Childs’ data
are not independent, but they demonstrate the consistency of the data.
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This approach has the positive fcature that it is based on a rcasonably

well-defined set of diseases that, in fact, constitute a substantial portion of

the incidence of dominant disorders in humans,

All these risk estimates for dominant disorders are roughly in agree-

ment and compatible with a doubling dose on the order of IOQ rem (1 §v).
The BEIR V Committee has divided the autosomal dominant dlsordcr§ into
categories based on their relative fitness as related to the. severi.ty of clinical
symptoms. When botb zatrgories are combined, the estimate is 6-35 cases
of dominant disorders induced in the first generation/10° livebom/rz.\(_!, ‘{vnh
an equilibrium value of 100. The time required to go halfway to cqunl.lb.rmm
is about 0.693/s generations (Mo82); for s in the range of ():2-0.8 (clinically
severe), this is approximately 4-9 generations, and for.f in the range of
0.01-0.2 (clinically mild). it is approximately 4-70 generations.

X Chromosome-Linked Disorders

The dynamics of X chromosome-linked genes are much. the same as
those of autosomal genes and for this reason they are often included with
dominant mutations. Trimble and Doughty (Tt74) give the birth frequency
of X-linked disorders as about 400/10%; Childs (Ch81) cites a value clqser
to 300/10° liveborn. For an X chromosome-linked gene, the proportion
of the equilibrium excess of cases that appears in the first generation is
approximately s/(2 + R), where 1 — s is the fitness of aﬂccted.malcs and
R is the ratio of male to female mutation rates. In the Childs (1981)
compilation, the average value of s is about 0.75. If R is 'bew./een 3 and
1, the proportion of the equilibrium excess cases occurring in the ﬁr§t
generation is between 0.15 and 0.25. For a doubling do§c of 100 rem, this
implics less than 1 case/10° liveborn in the first gencration. '

Using the same estimates given above, the per-gencration excess at-
tained after the population reaches equilibrium between mutation and
selection is less than 5 cases/10° liveboin/rad. The time required to go
halfway to cquilibrium is about 0.693(3/s), (Mo82), or in this case about 3
gencerations.

Recessive Disorders

Past BEIR committees have concluded that the increase in discase
due to recessive mutations following an increase in the mutation rate
from chronic radiation will be too slight or too remote in the future to
justify quantitative estimation. Some geneticists disagree (e.g., ch:l Nch).
Scarle and Edwards (Sc86a) have recently addressed whether the induction
of recessive mutations significantly increases the mutational burden. The
essence of their result is that the first generation effect after a population
exposure of 1 R is about [2 u/DD] Zq, wherc u is the average spontaneous
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mutation rate, DD is the doubling dose, and Xq is the sum of the recessive
equilibrium gene frequencies for all recessive disorders. The sum of the
q values reflects the meeting of a newly induced mutation with a previous
mutation already established in the population. If this sum is taken to be
on the order of 1 and the spontaneous mutation rate is taken 1o be 12 x ;
10-%, (Mo81), then for a doubling dose of 100 rem, the first-generation
cffect is less than 1 recessive case/10¢ liveborn/rem, confirming previous
expectations.

The cquilibrium between selection and mutation when the mutation
rate is increased is attained so slowly that it is relevant only to a hypothetical
population cxisting in the distant future. The time required 1o go halfway to
cquilibrium is about 0.693/2 Qs where Q = (u/s)*5 (Mo82). For this reason
the present committee has not attempted a quantitative risk estimate for
recessive mutations at equilibrium,

Moreover, there are good reasons to believe that the majority of re-
cessive mutations are actually partially dominant in their effccts on fitness.
For example, in Drosophila melanogaster, spontaneous recessive lcthal mu-
tations reduce heterozygous viability by 4-5%, but lethal mutations isolated
from natural populations cause a 1-2% reduction. Based on allcle frequen-
cies, the average recessive lethal allele appears to persist in a Drosophila
melanogaster population for about 50 generations before it is eliminated by
selection, which is far too short a time to be entirely a result of homozygous
lethality.

In humans, also, there is some indication that recessive mutations are
partially dominant. The evidence comes from consanguineous matings and
the often unexpectedly low equilibrium frequencies of recessive genotypes.
Whether partial dominance also applics to radiation-induced recessive mu-
tations is less certain, but to the extent that it does, such mutations act like
dominant mutations for the purpose of risk calculations.

Translocartions

BEIR 1 (NRC72) estimated a first generation effect of 70 recognized
abortions and 12 unbalanced rearrangements born/10° liveborn/R. The
equlilibium values were only slightly larger. These estimates were based on
an estimated mouse spermatogonial induction rate for semisterility of 1.5 x
10-%/gamete/rad for low dose irradiation, and the conservative assumption
is that females would have a similar frequency.

To calculate the risk from induced translocations, BEIR 111 (NRC80)
utilized data from humans and the marmoset (Br75). The frequency of
multivalent translocations in the primary spermatocytes of humans and
marmoset was taken to be about 7 x 10~%/rem, based on high dose-rate
250 kV x ray doscs of 78 R in humans (371 cells examined) and doses of 25
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R, 50 R and 100 R in marmosets (600 cells examined at each dose). The
present committee’s review of the relevant data suggests that a value of 2 x
10-%/rcm would be more appropriate (sce the later section in this chapter
on chromosome aberrations in mice and other mammals). In any case, the
BEIR 111 calculation of risk of induced transmitted balanced translocations
was (7 x 107%)(2/3)(1/2)(0.45/2) = 5.25 x 10-5 translocations/rem, where
2/3 is the assumed ratio of the obscrved incidence of partial sterility to
that calculated on the basis of the incidence of multivalent translocations
in primary spermatocytes, 1/2 is the correction for dose rate, and 045 is
the assumed frequency of alternate segregation of which 1/2 yield balanced
translocation gametes. To accommodate the uncertainties regarding the
dose rate reduction factor, the BEIR 11T Committee preferred to use the
order-of-magnitude range 1.7 x 1075 10 1.7 x 10~ translocations/rem.

The corresponding calculation for unbalanced products was (7 x
10-4)(2/3)(1/2)(0.55)(0.05)(1/4) = 1.6 X 10-¢ unbalanced zygotes/rem,
where 0.55 is the assumed frequency of adjacent segregation, 5% of such
translocation gametes are assumed to be capable of producing viable aneu-
ploids, of which 1 in 4 lead to viable zygotes. Again, an order-of-magnitude
range was given as 0.5 x 10~6 10 5§ x 10~ unbalanced zygotes/ rem. Mul-
tiplying by 2 (assuming females arc about as inducible as males) leads to
BEIR 11I's conclusion (Table 1V-2 in BEIR 1II) that fewer than 10 cases/10°
of induced chromosomal aberrations would appear in the first gencration
following exposure to 1 rem of radiation.

NUREGICG 4214

The U.S. Nuclear Regulatory Commission NUREG report (NU85) also
used cxperimental data obtained from marmosets and humans. They took
the induction rate of multivalent translocations in spermatogonia irradiated
by x rays at and below 100 R (4 data points, onc human and threc mar-
mosets) as 7.4 x 10~%, Their calculations were (7.4 x 107%)(1/2)(0.4)(1/4)
= 3.7 x 10-5 balanced translocations/rem, where 1/2 is a dose rate correc-
tion, and 0.4 is a relative biological cflectiveness (RBE) correction 10 go
from x rays to gamma rays. Again, 1/4 of the segregants were assumed to
be balanced translocations. For unbalanced products, the calculation was
(7.4 x 10~%)(1/2)(0.4)(1/2)(1/10) = 7.4 x 10~¢ unbalanced zygotes/rem,
where 1/2 is the frequency of adjacent segregation and 1/10 is the prob-
ability of survival. These values are for males. In females, the induced
translocations are expected to result from chromatid breaks, so the cor-
responding calculations were (7.4 x 107%)(1/2)(0.4)(1/16) = 9.25 x 10-¢
balanced translocations/rem, and (7.4 x 10~)(1/2)(0.4)(6/16)(1/10) = 5.6
x 10~ unbalanced zygotes/rem.

Comparing the NUREG calculations with the BEIR III results, three
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differences are seen. BEIR III makes a correction for transmission but
NUREG does not (Ge84). NUREG makes a correction for x rays to gamma
rays (NCRP80), but BEIR III docs not. These differences approximately
cancel out each other. Finally, NUREG attempts to calculate explicitly the
effect of radiation on oocytes, whereas BEIR 111 formally assumed that the
female rate was equal to the male rate but suspected that the female rate
was actually lower.

UNSCEAR 1982

UNSCEAR (UN82), summarizing another UNSCEAR report (UN77),
calculated (7.4 x 10~)(1/4)(1/10 to 1/2)(2)(0.06) = (2.1 to 10.5) x 10~
unbalanced zygotes/rem, where, again, the marmoset and human data were
used, 1/4 is the conversion factor from multivalents to semisterility and
segregation, the range 1/10 to 1/2 is used for dose rate correction, and
twice as many unbalanced as balanced gametes are expected, of which
about 6% would survive. The result is similar to the previous ones. In
addition, UNSCEAR concluded that the female rate could be considerably
lower and “ . . should it turn out that the rate of induction in human
spermatogonia is more similar to that in the rhesus monkey, the estimates
may need revision downward, and consequently the quantitative figures
arrived at must be considered provisional at present.”

As noted, the BEIR V Committee’s review of the relevant data sug-
gests a rate of translocation induction of 2 x 10~%/rem, with a dose rate
cflcct somewhat larger than previously thought. These revisions imply that
previous estimates were somewhat too high. The committec suggests that
an appropriate upper limit to the first generation effect caused by unbal-
anced products arising out of induced reciprocal translocations is less than
5 cases/10° liveborn/rad. It does not appear that Robertsonian transloca-
tions, which are such a prominent feature of the spontancous burden in
humans, are readily induced by radiation.

Nondisjunction

For a number of years, there has been an unresolved possibility that
low doses of radiation, such as thosc used in diagnostic radiology, might
induce chromosome nondisjunctions in exposed women. Most concern has
focused on the possible induction of trisomy-21 (Down syndrome). The
frequency of Down syndrome is strongly influenced by maternal age, rising
to nearly 4% of all live births among women over 40 years of age, and the
possibility that radiosensitivity also increases with age must be considered.
The issue was addressed in Note 15 of Chapter 1V in BEIR III (NRC80),
in recent UNSCEAR reports (UN77, UN82, UN86), and in a review by
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de Bocr and Tates (de83). The following provides a brief review of the
subject.

Of 13 studies on the Down syndrome in humans discussed by Denniston
(De82), 9 were retrospective and 4 prospective. No claim has been made
for an effect caused by paternal radiation, but four of the studies found a
significant effect caused by maternal radiation (one prospective and threc
retrospective studies). Of the remaining nine studies in which no statistical
significance was attained, five were in the positive direction, two showed
no difference, and two were in the negative direction. Overall, looking
only at the direction of the data and ignoring whether or not they were
statistically significant, there were nine showing positive effects and two
showing negative cflects. This is significant at the 0.033 level, assuming
no effect. However, because of the way some of the data were collected
(reliance on subject’s memory of past irradiation), there is likely a bias
in the positive direction. If, under the hypothesis of no association, the
probability of obscrving data in the positive direction is only as high as
0.53, the sign test for consistency is no longer significant at the 5% level.

No effect on nondisjunction has been seen in the data from survivors
of the Hiroshima and Nagasaki bombings (Aw87), and thc claim of an
effect on the incidence of Down syndrome in a high-background-radiation
area of India has been severely criticized on statistical grounds.

Although nondisjunction can be induced with relatively large doses ¢!
to 6 Gy) of x irradiation in various dictyate oocyte maturation stages in mice
(Te85), other studies have concluded that, at low doses, (<1 Gy) nondis-
junction is not induced to any significant degree (Sp81, Te82). The positive
results obtained by Uchida and Lee (Uc74) at low doses are at variance with
results of subsequent studies (Go81, Te82). Therefore, notwithstanding the
importance of nondisjunction to the spontaneous burden in humans, it
appears that the induction of nondisjunction by low-level irradiation of im-
mature oocytes may not present a serious concern. However, as discussed
below in the scction on chromosomal nondisjunction in mice, preovulatory
oocytes, within thrce hours of ovulation, are extremely sensitive o the
induction of ancuploidy at doses as low as 10 rads (Te82, Te86). Even if
this effcct occurs in humans, the brevity of the sensitive period would lcave
the risk estimates essentially unchanged.

Irregularly Inherited Traits

The so-called irregularly inherited disorders are those for which a
genetic component has been cstablished or seems likely, but which do
‘not give simple Mendelian ratios. Irregular inheritance poses a serious
problem to risk estimation. Although these traits constitute a significant
portion of the total genetic burden in human populations, their response to
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an increase in the mutation ratc from radiation is not predictable with any
great confidence because of the uncertainty in their mode of inheritance.

An important concept relevant to irregularly inherited traits is the
mutation component. If the incidence (I) of a condition can be written as

= @ + bu, where u is the mutation rate and a and b are constants, then
the mutation component of the condition is M = bu/(a + bu). M is the
proportion of the incidence attributable to recurrent mutation, and a/(a +
bu) is the part attributable to other causes. If the mutation rate is increased
from u to u(l + k), the incidence cventually increases from 7 to I(1 +
Mk).

The heritability of a trait is a measure of that part of the total pheno-
typic variability that can be ascribed to genetic variability in the population.
The ratio of the total genetic variance to the total phenotypic variance
is called the “broad-sense heritability”; the ratio of the “additive” genetic
variance (only part of the total genctic variance) to the total phenotypic
variance is called the “narrow-sense heritability.” For a trait maintained
by balance between directional selection and mutation, if both broad-sense
and narrow-sense heritability are high, then M is high. If both are low,
then M is low. If the broad-sense heritability is high and the narrow-scnse
heritability is low, M cannot be predicted unless the specific mode of in-
heritance is known; however, any increase in the incidence following an
increase in the mutation rate should be very slow (Cr81).

Trimble and Doughty (Tt74) estimated that about 9% of all liveborn
humans are seriously handicapped at some time during their lifetimes
by genetic disorders of complex etiology, either congenital abnormalities,
anomalies that are expressed later, or consitutional and degenerative dis-
eases. Their estimate is somewhat indircct. They adjusted data based on
incidences prior to age 20 to account for disorders appearing later in life.
BEIR III accepted this estimate and combined it with their own’doubling
dose range of 50-250 R and mutation component range of 5-50% to esti-
mate an equilibrium excess of 20-900 induced cases of irregularly inherited
disorders/R/10° liveborn. No first gencration effect was estimated.

Estimating the equilibrium effect on irregularly inherited disorders due
to an increcase in the mutation rate raiscs several problems: :

1. The mutation components are not known for these disorders, ecven
approximately. Many of the traits are genetically and environmentally
heterogeneous—a mixture of simple Mendelian etiologies, multifactorial
threshold factors, and purely environmental causes. To the extent that
the traits are accurately described by a multifactorial threshold model, the
mutation component is undoubtedly low and the approach to equilibrium
is very slow. To the extent that the traits include a simple Mendelian com-
ponent, the mutation component is high and the approach to equilibrium
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depends on the exact nature of the model (e.g., dominant versus recessive,
overdominance versus mutation-sclection balance). The BEIR III Com-
mittee dealt with these uncertaintics as well as they could and considered
a range of mutation component between 5 and 50%.

2. Irregularly inherited disorders are diverse in terms of the nature of

the defects represented (e.g., anencephaly versus varicose veins), severity

(e.g., cleft lip versus club foot), time of action (birth to old age), and so
on. This diversity makes it difficult to present a single overall measure
of impact on the population. For examgle, the spontaneous frequency is
determined by the rather arbitrary definition of what constitutes a serious
disorder rather than one that is clinically significant.

3. Irregularly inherited disorders—even those with a substantial mu-
tation component—have a slow rate of approach to equilibrium following
a change in the mutation rate. Measures, such as excess number of cases
per generation at equilibrium, are virtually meaningless because the very
slowness of the approach may mitigate the seriousness of the threat to
the population. The potential impacts cannot be quantified because the
increased genetic load is spread out over so many generations into the
future in an environment that is totally unpredictable at the present time.

Sincc the BEIR III report (NRC80), new information on the sponta-
ncous incidence and the genetic nature of irregularly inherited disorders
has become available (Cz84a, Cz84, UN86, Cz88). For purposes of the
present discussion, it will be convenient to divide the irregularly inherited
disorders into isolated congenital abnormalities and all others.

Congenital Abnormalities: Table 2-3 lists nine congenital abnormalities
with an estimated combined birth incidence in Hungary of about 5%, and
estimates of the heritabilitics both of their liabilities and of the traits them-
selves. All such tabulations are somewhat vague in the diagnostic criteria
uscd to identify the traits, and the high incidence of congenital dislocation
of the hip in Hungary is so exceptional as to suggest overreporting. The
BEIR V Committee cstimates the birth incidence of congenital abnormal-
itics at 20,000-30,000/10° liveborn (Table 2-1), which is consistent with the
data in Table 2-3 when the high value for congenital dislocation of the hip
is discounted.

The distinction between the heritability of a trait’s hablhty, assuming
a threshold model, and the heritability of the trait itself is crucial, because
the mutation component is morc related to the heritability of the trait
than to the heritability of liability. in the threshold model it is assumcd
that underlying each trait is a quantitative variable called liability, which
is normally distributed and the result of many genetic and environmental
terms of small effect. Individuals with a value of liability above a threshold
are affccted; those below the threshold are normal. By observing the
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TABLE 2-3 Selected Isolated Congenital Abnormalitics”

MZ
Birth chl.lhlhly Heritability Concordance
Trait Incidence ( ll)‘) of Lmhlllly of Trait" of Trait!
Anencephaly/spina bifida 29 I5-70 2-7(4) S
Cleft lip (cleft palate) 1.0 70-90 4810) 30
Pyloric stenosis 1.5 6090 3-9(12) 65
Ventricular septal defect 1.5 35-80 1-7 (3) 20
Congenital dislocation of hip  28.0 6-80 17-27 (50) 50
Talipes cquinovarus 1.3 65-95 4-10 (1) 30
Congenital inguinal hernia 114 40-60 6-11 (18) S0
Simple hypospadias 4.4 45-85 41349 50
Undescended testicles 13.5 35-65 S-13(11) 15

TOTAL 54.1

"All values except birth incidences are rounded to the nearest 5%,
bRanges are = 1 standard deviation, i.c., an approximate 68% confidence interval.

“ Range obldmcd from the liability heritabilities from the formul.x h=2q - mict = p).
where ¢ = p* and z = tan {[(DM)(1 - 0.583)] [1 + (0.513)%]}: valucs in parentheses were
ob(.uncd directly from sib recurrence risks, ¢ (Czeizel and Tusnady, 1984).

“The MZ twin concordances, C, yield maximum estimates of the broad sense heritability of
cach trait through the formuli 113 = (C = p)1 - p).

SOURCE: Muodified from A. Czeizel and K. Sankaranarayanan (C284).

population incidence of a trait p and the recurrence risk for relatives of’
affected individuals ¢, an estimate of the narrow heritability of liability can
be obtained (Fa65, Sm70, Cu72). These estimates depend not only on the
accuracy of the estimates of p and g but also on the assumptions of the
threshold model.

Alternatively, the disorder itself can be thought of as a quantitative
trait taking either of two values: O for normal and 1 for affected. An
estimate of the narrow heritability of the trait is obtained from relatives
by the formula Rit? = (g — p)/(1 — p), where R is the coefficient of
relauonshlp An approximate relation between the herllablhty of liability
hp? and the heritability of the trait hr? is given in footnote ¢ in Table 2-3.
The concordance between monozygotic (MZ) twins may be considered as
an approximate maximum estimate of the broad-sense heritability of the
disorder. y

In Table 2-3 all numbers except the birth incidences and heritabilities
of traits have been rounded to the nearest 5%. The incidences, liability
heritabilities, and MZ twin concordances are from Cz84a. All estimates,
especially those from the twin data, are inflated to an unknown extent by
environmental correlaticns. The twin data also yield very unstable estimates

.~ because of small sample size.

In general, the estimates of trait heritabilities from snblmg data do not
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~ differ much from those in the entire data of Czeizel and Tsunady (Cz84a)
or those derived indirectly by using estimates of liability heritabilities from
the threshold model. (One exception is congenital dislocation of the hip.)
In rough terms, the heritabilities of the traits themselves are about 1/10
those of the liabilities.

At face value, the MZ concordances suggest that broad-sense heri-
tabilities are much larger than narrow-sense heritabilities. This discrepancy
is more likely caused by environmental correlations peculiar to twins rather
than to a large amount of dominance and epistatic variance. In any event,
whether the mutation components of these disorders are closer to 5 or
50% (the BEIR III range), the uniformly low narrow heritabilities would
indicate that the approach to equilibrium following a rise in the mutation
rate would be very slow indeed. On the other hand, to the extent that any
of these disorders includes a significant proportion of cases with a simple
monogenic origin (which have a mutation component of 1), the overall
mutation component would be increased.

The risk estimates for this category of traits are listed in Table 2-1. The
equilibrium value is based on Equation (2-1) with the assumption that the
mutation component of the traits is between 5 and 35%. The upper limit
of 10 for the first-generation effect is based on the worst-case assumption
that the mutational component is due entirely to dominant gencs.

Other Disorders of Complex Etiology: The data in Table 2-4 are taken
from a recent set of data from Hungary presented in preliminary form by
UNSCEAR (UN86). The table shows (1) large total lifetime prevalence
(over 30%) and (2) large estimated heritabilities of liability based on a
multifactorial threshold model. However, the heritabilities of the traits
themselves are much smaller (see preceding section).

If anything, the disorders in Table 2-4 are even more heterogencous
than the congenital abnormalities in Table 2-3. In Table 2-4, lifetime
prevalences rather than birth frequencies are given. Many of the disorders
have a rather late age of onset. The total lifctime prevalence for the selected
disorders tabulated is about 30%. Assuming independence, approximately
27% of individuals suffer from at lcast one of these discases somctime
during their lifetimes. "

The heritabilities in Table 2-4 again pertain to liability calculated
from the Hungarian data and with the assumption of a multifactorial
threshold etiology. The narrow heritabilitics of the traits themselves are
approximately 1/10 of these values (sce preceding section). To the extent
that these disorders are heterogeneous and confounded with monogenic or
simple Mendclian disorders whose equilibrium frequencies result from a
balance between mutation and selection, the mutation components would
be clevated. On the other hand, several of the disorders are known to
be corrclated with variation in the HLA histocompatibility complex (e.g.,
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TABLE 2-4 Selected Diseases of Complex Etiology

Lifetime Prevalence Liability

Discase per 10* Heritability
Grave's discase 65 . 0.47
Diabetes mellitus 407 0.65
Diabetes mellitus (IDDM) 20 0.30
Gout 18 0.50
Schizophrenic psychoses 85 0.80
Affective psychoses: unipolar 500 0.60
Affective psychoses: bipolar 100 0.90
Multiple sclerosis 4 0.58
Epilepsy 60 .50
Glaucoma 160 0.32
Allergic rhinitis 360 0.43
Asthma 249 0.70
Peptic ulcer 460 (.65
Idiopathic proctocolitis 3 0.60 -,
Cholelithiasis 94 0.63
Coeliac discase 13 (0,80
Calculus of the kidney 90 0,70
Atopic dermatitis 60 0.50
Psoriasis 39 0.75
Systemic lupus erythematosus 4 0.90
Rheumatoid arthritis 131 0.58
Ankylosing spondylitis 19 0.79
Scheuermann disease s0° 0.56
Adolescent idiopathic scoliosis 41 (.88

TOTAL 3.032

“Includes only the 5% of cases identified by radiographic screening that are
deemed to be of clinical significance.

ankylosing spondylitis, rheumatoid arthritis, psoriasis, coeliac disease, and
diabetes). To the extent that population variation in the HLA complex
is caused by balancing of selection, thc mutation components of these
disorders would be reduced correspondingly.

As in the case of the congenital abnormalitics, data on twins gen-
erally show substantially higher concordances in monozygotic (MZ) than
dizygotic (DZ) twins, testifying to a likely significant genetic component in
these disorders. The general pattern is that the broad-sense heritabilities
of the traits are considerably larger than the narrow-sense heritabilities.
Consequently, the mutation components are indeterminant without further
information, but it seems likely that any change in the frequencies of these
diseases caused by a change in the mutation rate would be attained very
slowly. »

The data in Table 2-4 are for selected diseases and do not include
data for cancer and heart disease, which are the most common diseases
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with complex etiologies. Cancer and heart disease are listed separately in
Table 2-1, and the lifetime prevalence figures are approximations in round
numbers for the prevalence of all varictics of the diseases. By enumerating
heart discase in Table 2-1, the committeec makes no implication that radia-
tion can induce heart disease in exposed individuals. The effect of radiation
on this and other diseases with complex etiologies (with the exception of
cancer) is through new mutations that may increase the susceptibilities of
their carriers to the onset of the discases. From a genetic point of view, the
mutational component of diseases with complex etiologies results from a
number of genes, usually with small individual effects, that in combination
determine susceptibility to environmental factors causing the disease. In
the case of heart disease, for example, these environmental factors include
dict and tobacco smoking. Any individual mutation is extremely unlikely
to tip the balance between a person’s health and disease. Rather, each
new mutation is an additional genetic risk factor that combines with other
genetic and relevant environmental risk factors. For the individual, a new
mutation may contribute a marginally insignificant amount to the overall
risk, but for the population, the small individual effects are cumulative and
may become very significant. ’

For diseases with complex etiologies, the lifetime prevalences sum
to greater than 100%, which means that few individuals escape them
completely, and many suffer from more than one. Since the prevalence
is onc component of the risk estimate (Equation 2-1), this factor is very
large. However, the prevalence factor is offset in part by an unknown,
but presumably low, mutational component. Unfortunately, the mutational
component is not known even to its order of magnitude, and for this
reason, as well as other complexitics enumerated in the preceding section
on congenital abnormalities, the committee has not estimated risks for this
category of traits. While the risks could be negligible, they could also be
as large or larger than all the other entrics in Table 2-1 combined..

BACKGROUND DATA FROM HUMANS

Three key sets of background data for humans concern the genetic
burden resulting from spontaneous mutation, the rate of spontaneous mu-
tation, and the data from survivors of the bombings of Hiroshima and
Nagasaki. These are briefly reviewed below.

The Spontaneous Genetic Burden

Table.2-5 shows estimates of spontaneous frequencies of genetic disor-
ders. The estimates used by the BEIR V Committee are also, summarized.
The categories of disorders are autosomal dominant, X chromosome-linked

%
-
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TABLE 2-5 Estimated Spontancous Burden (per 1,000 live births)

Congen. Other

Source Dom, X-linked Ree, Chrom. Abn. Multifact.
Stevenson (1959) 307 0.2 1.0 — 10,1 10.3
UNSCEAR (1966) 95 04 2.1 4.2 25.0 15.0
BEIR (1972) 10,0 04 1.5 5.0 15.0 25.0
Trimble and Doughty :

(1974) 08 04 1.1 2.0 42.8 47.3
UNSCEAR (1977) 10.0° Lo 40 90"
Carter (1977)" 7.0 0.4 2.5 6.0 24.4 —
BEIR (1980) 100" L1 60 %0.0"
Childs (1981) 58 0.3 — - —_ -
UNSCEAR (1982) 10,07 2.5 6.3 43.0 -
Czeizel and ‘

Sankaranarayanan

(1984) — — —_ 59.7 —
UNSCEAR (1986) 10.0° 2.5 6.3 60.0 6N}
This committee 1000 04 2.5 4.4 20-30 1200/

NOTE: Abbreviations: Dom., dominant; Rec., recessive, Chrom., chromosomal abnormal-
ity; Congen. Abn., congenital abnormality; other multifact.. other multifactorial trait.

“Dominant and X-linked combined.

P Congenital abnormalitics and “other multifact,” categorics combined.

¢ Chromosomal abnormalities from Evans (1977).

“Divided into 2.5 clinically severe and 7.5 clinically mild.

¢ Divided into 0.6 unbalanced translocations and 3.8 trisomies (includes sex chromosome

trisomies).

! Includes heart disease, cancer, and other sclected disorders (Table 2-4). Note that the total
exceeds 100%. The genetic component in many of these traits is unknown. To the extent
that genetic influences arc important, the effects are through genes that have small individual
cffects but that act cumulatively among themselves/and in combination with cnvironmental
factors to increase susceptibility.

recessive, autosomal recessive, chromosomal abnormalities, congenital ab-
normalities, and other multifactorial traits. The last category is made up of
a group of disorders for which the exact mode of inheritance is unknown.
Some may prove to be monogenic in origin; others are undoubtedly thresh-
old traits, for example, the congenital abnormalities. Five entries in Table
2-5 are based on original data: those of Stevenson (St59), Trimble and
Doughty (T¥74), Carter (Ca77), Czeizel and Sankaranarayanan (Cz84), and
Childs (Ch81). The remaining entries are consensus estimates of commit-
tees based largely on data from the first four studies listed in the table. A
discussion of the main points presented in Table 2-5 follows.

The most dramatic discrepancy is between the data of Stevenson
and those of Trimble and Doughty with respect to autosomal dominant
disorders. The Stevenson estimate of 30.7/1,000 live births is inflated by the
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incorporation of a number of traits that are now known not to be autosomat
dominant, of traits of inconsequential clinical importance, or both (Tt77).
The 10 most frequent traits in the Stcvenson list make up about 70%
of the total frequency, and most of these fall in the above categorics of
inappropriateness. On the other hand, the value of 0.8/1,000 from Trimble
and Doughty is undoubtedly an undcrestimate because it is based on studies

of individuals from birth to 21 ycars of age. Consequently, the cstimate

does not include serious genetic discases due to single dominant genes that
are manifested later in life. It can be seen from Table 2-5 that committecs
have choscn a middle course, with an estimate of about 10/1,000, often
lumping dominant and X chromosome-linked traits together because of
their similar responses to an increase in the mutation rate,

Over the years the estimated frequencies of recessive discase and chro-
mosomal abnormalities have increased somewhat. Estimates of congenital
abnormalitics have increased substantially. Like the autosomal dominant
traits, the estimate for congenital abnormalities is highly dependent on the
definition of “serious.” The value of 60/1,000 from Cziezel and Sankara-
narayanan, which was also used by UNSCEAR (UNB86), is so high, in
part, because of the unusually high frequency of congenital dislocation of
the hip in Hungary. The surprisingly high value of 600/1,000 for lifetime
prevalence of other multifactorial disorders given by UNSCEAR (UN86)
includes such entities as diabetes mellitus, gout, schizophrenia, affective
psychoses, epilepsy, glaucoma, hypertension, varicose veins, asthma, pso-
riasis, ankylosing spondylitis, and juvenile osteochondrosis of the spine.
Disorders with such high frequencies are, of course, not strictly indepen-
dent, but the message, nevertheless, is that virtually all humans suffer from
il health at some time in their lives, and ill health can usually be attributed
in part to genetic factors,

Estimating Spontaneous Mutation Rates

Table 2-6 gives some representative mutation rates estimated in hu-
mans. Thesc values are consistent with the values given more than 25 years
ago (Pc61, Cr61).

It is well recognized that published mutation rates are probably a
biased estimatc of all mutation rates, because it is more likely that those
loci with higher natural rates will be studied. A simple correction for this
bias is to use the harmonic mean of the studied loci.

From the data collected by Vogel and Rathenberg (Vo75) and Childs
(Ch81) (Table 2-6), the harmonic means for dominant and X chromosome-
linked traits are both about 8 x 10~ if the Von Hippel-Lindau syndrome
is omitted from the dominant traits, or 3 x 10~ if the Von Hippel-Lindau
syndrome is included. On the other hand, for X chromosome-linked traits
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TABLE 2-6 Selected Mutation Ratcs
Mutation Rate (10

Vogel and
Rathenberg Childs Morton
Trait (Vo75) (Ch82) (Mo8l1)
Autosomal dominant
Achondroplasia 6-13 12 10
Aniridia 3-5 3 3
Dystrophia myotonica 8-11 28 10
Retinoblastoma 5-12 6 ]
Acrocephalosyndactyly 3-4 — 4
Osteogenesis imperfecta ., 7-13 9 - 10
Tuberous sclerosis 6-11 10 8
Neurofibromatosis 44-100 93 73
Intestinal polyposis 13 7 13
Marfan syndrome 4-6 5 5
Polycystic kidneys 65-120 76 92
Multiple exostoses 6-9 8 8
Von Hipple-Lindau syndrome 0.2 — 1
Pelger anomaly — — 6
Spherocytosis — —_ 22
Microphthalmos — — 6
Waardenburg's syndrome — _ 4
Nail-patella syndrome —_ - 2
Huntington disease — — 2
Multiple teangiectasia — — 2
TOTAL.: fairly reliable — 366 —
including uncertain — 409 —
X-linked recessives iy
Hemophilia A 32-57 36 13
Hemophilia B ‘ #2-3 3 (I
Duchenne MD 43-10§ 60 88
Incontinentia pigmenti 6-20 — 13
Orofaciodigital syndrome 5 — 5
Lesch-Nyhan syndrome — — 2
TOTAL - - 140 —

SOURCE: Crow and Denniston (Cr85).

from the data of Stevenson and Kerr (Table 2-7), a supposedly far less
biased sample, the median is about 0.1 x 10~ and the mean is about
3 x 10-%. The Morton estimates give harmonic means of 4 x 10~¢ for
dominant traits and 3 x 10~° for X chromosome-linked traits. Cavalli-
Sforza and Bodmer (Ca71) plotted the cumulative frequency of published
rates against the log mutation rate and found the plot to be approximately
lincar, suggesting that the log-normal distribution is a good distribution for
describing mutation rates. From the fitted line they estimated the median
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TABLE 2-7 Mutation Rates for X-Linked
Recessives

Frequency of Traits
Mutation Rate (10%)  with Mutation Rate

S0 !

20-4Y 1
0-19 1
5-9 2
1-4 9
0.1-09 11
<1 24
TOTAL 49

SOURCE: Stevenson and Kerr (S167).

to be 0.16 x 10-° and the mcan to be about 7 x 10-5. All of these
estimatcs arc derived from overlapping scts of data.

In sum, the spontaneous per-locus mutation rate for dominant and X
chromosome-linked traits has a mean of approximately 5 x 10~6 and a

median perhaps an order of magnitude lower.
The mutation rate of autosomal recessives is much less certain. Mor-

ton (Mo81) has examined this problem in detail. Using the harmonic mean

argument, he derives an cstimate of 12 x 10~%.clinically detectable mu-
tations/locus/generation. In this regard, Neel (Ne57) commented that “it
is entircly conccivable that the loci thus far selected for study in man are
those at which a high proportion of all possible alleles results in readily
detectable effects, but at which the per locus mutation rate is fairly repre-
sentative of the human species.” In that case the arithmetic mean of 22 x
10-% is morc appropriate..

The Hiroshima-Nagasaki Data

A pregnancy termination study (NeS6) analyzed some 75,000 births,
of which 38,000 had at Icast onc parcnt who was exposed to radiation.
No significant effects on still births, birth weight, congenital abnormalitics,
infant mortality, childhood mortality, leukemia, or sex ratio were found.
A significant distortion of the sex ratio had been reported (Ne53), but
the effect subsequently disappearcd. In 1960 the pregnancy termination

study was augmented with additional children of survivors and controls. A *

cohort, the Fy mortality sample, was created, consisting of (1) all infants
who were liveborn in the two citics between May 1946 and December 1958,
one or both of whose parents were within 2,000 meters of the hypocenter,
(2) an age-matched and sex-matched group of children with one parent
who was more than 2,500 meters from the hypocenter and the other parent
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who was the same distance from the hypocenter or who was not exposed at
all, and (3) an age-matched and sex-matched group of children neither of
whose parents were exposed. No statistically significant effccts of radiation
have been demonstrated to date (Ne74, Sc81, Sc81a, Sa82).

A cytogenetic study of the children of exposed parents was begun in
1968 (Aw75). Ten metaphase preparations are routinely examined from
each child. No significant effect has been demonstrated (Aw87).

The investigation of rare clectrophoretic variants in children born
to proximally and distally exposed parcnts was begun in 1972 as a pilot
study and was begun'in earnest in 1976 (Ne80). Each child is examined
for rare electrophoretic variants of 28 proteins of the blood plasma and
erythrocytes, and since 1979, a subset of the children is further examined for
deficiency variants of 10 erythrocytic enzymes. If the variant is not found
in cither parent and a discrepancy in biological parentage can be excluded,
a mutation has been identificd. Among the children of proximally exposed
parents, the equivalent of 667,404 locus tests have been done, yielding three
probable mutations. The corresponding value for the comparison groups
is thrce mutations in 466,881 tests. The point estimate of thc mutation
rate is higher in the control population, but the difference is not significant
(Nc88). :

~ Table 2-8 provides the lower 95% confidence limits of doubling dose
estimated for various endpoints in the data from the Japanese atomic-bomb
survivors summarized by Schull et al. (Sc81a). Other data from the studics
of the atomic-bomb survivors give comparable results (Ne74, Sa82). Prior
to calculating the doubling doses from the regression coefficients, negative
regression coeflicicnts were set equal to zero, In all cases, following Schull
ctal. (Sc81), a spontaneous rate of 0.0025 was used in the calculation. Schull
ct al. stated “. . . during the intcrval covered by this study, characterized
by an infant and childhood mortality of about 7 percent, we could assume
that approximatcly one in each 200 liveborn infants dic before reaching
maturity because of mutation (point or chromosomal) in the previous
generation. . . . We still belicve that this estimate is valid, but to err on
the conscrvative side we will reduce the figure to onc in 400 and apply it
not only to the survival data but also to the data on untoward pregnancy
outcomes.” All lower 95% confidence limits shown are gametic doubling
doscs, assuming an equal contribution by the mother and father when
nccessary. The lower 95% confidence limits in Table 2-8 are for chronic
radiation (low dose); that is, the acute doubling doses derived directly from
the published regression cocflicients have all been arbitrarily multiplied
by a factor of 3 obtained from mouse data. As emphasized earlicr, the
factor of 3 is based on acute single doses in mice that are much greater
than those expericnced in Hiroshima or Nagasaki, and the factor of 3
cannot be applied to the Japanese data with great confidence. Although



96 ¢ EFFECTS OF EXPOSURE TO LOW LEVELS OF IONIZING RADIATION

TABLE 2-8 Estimated Lower 95% Confidence Limits of Doubling
Dose from Chronic Radiation for Malformations, Stillbirths, Neonatal
Death, and All Untoward Pregnancy Outcomes—Hiroshima and
Nagasaki Data :

), All Untoward
Group Malformations  Stillbirths ~ Neginatal Death  Outcomes

All groups 96 124 90 60
- (62) (129) (115) (44)
Only mother exposed 277 32 23 29
(63) (40) (79) (28)
Only father exposed 65 344 56 41
) (49) (136) (45) ' (29)
Combined 19 64 35 . - 36
(63) . (76) (69) 35
Both mother and 41 73 75 37
father exposed (81)) (82) (101) (36)

NOTE: Data are the lower 95% confidence limits of the doubling dosc adjusted for con-
comitant sources of variation (and, in parcntheses, the lower 95% confidence limit for un-
adjusted data), The spontancous rate of the endpoint was assumed to he 0.0025 throughout.
For acute doubling doscs, divide by 3, Calculations are for RBE = 1. For all estimates
adjusted for concomitant sources of variation, the range is 23-344, the median is 62, and the
mean is 86. For all estimates unadjusted for concomitant sources of variation, the range is
28-136, the median is 62, and the mean is 67.

the Committee believes that the factor of 3 may overestimate the risks, this
point is arguable. Conceivably, the true correction factor for the dose rate

in humans at the relevant doses could be as small as 1 or as large as S. .

Use of the smaller number would bring estimates of human doubling doses
more in line with the range of values observed in-mice.

i Data based on the revised dosimetry system, DS86, were not available
to this committee in the detail necessary for doubling dose estimates at
the time the report was being preparcd, However, while the committec’s
calculations are based on the old T65DR dosimetry system, reanalysié based
on the revised DS86 dosimetry scems to prescnt essentially the same results

(O187). The various entries in Table.2-8 are not independent; because they

are derived from different subsets of the data for which different methods of _

analysis, removing different sets of concomitant variables by regression (e.g.
inbreeding, parental ages, year of birth), were used. Most of the confidence
limits have not been published as such by the investigators who are most
familiar with the data (although the estimated limits are based on published
regression coeflicients), and the lower 95% confidence limits given in Table
2-8 are included here simply to give a general qualitative impression. All
cstimates were calculated by using regression coefficients, none of which
are significantly different from zero, and all estimates depended heavily on
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estimated gonadal doses, the estimated spontaneous rate (about 5%) and
the estimated mutation component (about 5%).

“Table 2-8 provides the minimim doubling dose estimates, based on the
one-sided 95% confidence intervals, assuming that the spontaneous rate and
correction for low dose are known without error. These estimates tend to be
more stable than point estimates, because the minimum estimates are more
closely bounded below by zero. The values are somewhat scattered, in part
because of the small sample size. The medians of the 95% confidence limits
for both the adjusted and unadjusted data are about 60 rem, and the mean

. for the adjusted data is 86 rem. Rather than take the estimates literally

and impute to them more accuracy than is warranted, the committce
has rounded the estimate to the nearest 100 rem and used this as an
approximate lower 95% confidence limit for the human doubling dose.
The calculations in Table 2-1 are based on this 100 rem minimum doubling
dose. It is noteworthy that the range 50-100 rem includes the majority of
the minimum estimates in Table 2-8. :

BACKGROUND DATA FROM MICE AND OTHER MAMMALS

Over the years the mouse has been the main source of experimental
information regarding the genctic cffects of radiation in mammals, and
previous committees have relied heavily on mouse data to substantiate
their estimates. The mouse radiation studies are bricfly reviewed here to
demonstrate their general consistency and to show that the mouse doubling

. dose is on the order of 100 rads. .

Summarizing the mouse results as a whole, the following qualitative
and semiqualitative conclusions arc drawn primarily from Russell (Ru60)
and subsequent papers: ' .

1. Radiation-induced mutation rates are higher in mice than in

" Drosophila melanogaster (this original finding, in a sense, stimulated much

of the subsequent work on mice because of its obvious greater relevance
to estimating radiation risks in humans).
2. For specific locus mutations induced in the spermatogonial stage,

~ “there is no significant change in mutation rate with time after irradiation

(i.e., the risk does not decrease with time after exposure).

3. Radiation-induced mutation rates differ markedly from locus to
locus.

4. Mutations induced in spermatogonia and postspermatogonial
stages differ with respect to absolute frequency and relative frequencics
among loci and by radiation quality.

5. Asignificant proportion of mutations detected in the specific locus
test (sce below) have proved to be recessive Iethals. '
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6. Some of the recessive lethal mutations have had a heterozygote
eflect dramatic enough to be identified in specific individuals.

7. Dominant effects on viability arc demonstrable in the first-gener-
ation progeny of irradiated malcs.

8. Chronic irradiation is considcrably less effective in inducing mu-
tations in both spermatogonia and oocytes. This dose rate effect appears
to be greater in females than in males.

9. A significant proportion of radiation-induced mutations in the
specific locus test are small deletions.

10. The immature mouse oocyte is highly sensitive to cell killing.

A dctailed summary of quantitative results in the mouse and other
mammals is provided in Tables 2-9 and 2-10. Standard errors arc not given
because they tend to reflect experimental factors more than they do the true
level of biological uncertainty. Rates have also been rounded so as not to
imply greater precision than that which may actually exist. Although there
is a significant amount of recognized genetic and nongenetic variance in the
mutation rates, the uncharacterized variance is likely to be greater than that
identified and measured under laboratory conditions. The uncertaintics in
the data base may be troublesome, but the existence of significant genetic
and nongenetic variance is an intrinsic property of mammalian populations.

Table 2-9 summarizes estimates of spontaneous mutation rates for var-
ious endpoints, and Table 2-10 summarizes the estimated induced mutation
rates per rad for the same endpoints for high and low dose rates of low-
LET radiation exposure and for fission neutrons. Comparing the values
for low and high dose rates in Table 2-10 for the endpoint recessive visible
mutations (specific locus tests), the conversion factor for acute to chronic
radiation is 22/7, or very nearly 3. This is the factor often used previously
to convert acute doses 1o chronic doses in humans. It was argued earlier
that application of any such conversion factor from mice to humans might
warrant some skepticism, notwithstanding the fact that mice are the only
mammal in which relevant data exist. Table 2-10 shows, however, that a
conversion factor of 5-10 in mice could be defended just as easily. The ev-
idence cited below suggests that the conversion factor may differ according
to the particular endpoint. In any event, if the highest conversion factors
are applicd to the data from the Japanese atomic-bomb survivors, they
imply a human doubling dose of greater than 1,000 rem. This value might
be taken as a possiblc upper limit of the human doubling dose, and risk
values based on it can be obtained from Table 2-1 by dividing the tabulated
values by 10.

Table 2-11 provides estimated doubling doses for chronic radiation
exposure primarily in mice. Values in parentheses are based on high dose
rates and have been converted to chronic dose rates by using the factor
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TABLE 2-9 Estimated Spontancous Mutation Rates
(Primarily Mouse)

Cienctie Endpoint and Sex Spuntancous Rate
Dominant lethal mutations . .
Both sexes 2 x 10 °~10 x 10 “/gamete
Recessive lethal mutations
Both sexes Ix 10 "/gumclc
Dominant visible mutations
Male
Skeletal 3Ix 10 "lgumclc
Cataract 2 x 10-Y/gamete
Other 8 x 10 “gamete
Female 8 x 10 “gamete
Recessive visible mutations (7-locus tester stock)
Male 8 x 10 *ocus
Female 2% 10 “~6 x 10 "Nocus
Reciprocal translocations (observed in meiotic cells)
Male
Mousc 2% 10 =5 x 10 Yeell
Rhesus & x 10 Yeell
Heritable transtocations
Male Ix 10710 x 10 Ypamete
Female 2 x 10 "/gzunclc
Congenital malformations (observed in utero in late gestation)
Sexes combined 1% 10 %5 x 10 "/galmclc
Ancuploidy (hyperhaploids)
“Female
Preovulatory oocyte 2x 10415 x 10 Yeell
Less mature oocyte I x 1018 x 10 Yeelt

range 5-10. The medians for all endpoints are summarized at the bottom
of Table 2-11. The direct estimates strongly suggest a doubling dose of
about 100 rads. The indircct and combined estimates also support this
value, but are slightly higher, possibly because the conversion factor 5-10
is somewhat too high. Overall, considering the uncertaintics in the valuc
of the conversion factor, the data are in excellent agreement with the
proposed chronic doubling dose of 100 rad in mice.

Taking the values in Table 2-11 at face value for the endpoint of
congenital malformations, and making no assumptions about the mutational
component of this category of traits, the doubling dose for exposed males
is at the high end of the range. This endpoint is, arguably, the most closcly
analogous to the kinds of endpoints in the study of Japanese atomic-bomb
survivors, and it is again consistent with the view that the doubling dose
obtained from the study of humans in Japan may well be greater than the
median of all studies of mice. ‘
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TABLE 2-10 Estimated Induced Mutation Rates per Rad (Primarily

Mouse)

Genetic Endpoint,
Cell Stage, and Sex

Low-LET Radiation Exposurc

High Dose
Rate

Low Dose
Rate

Fission Neutrons
(Any Dose Rate)

Dominant Iethal mutations
Postgonial, male
Gonial, male
Recessive lethal mutations
Gonial, male
Postgonial, female
Dominant visible mutations

10 x 10 Ygamete
10 x 10 5/g.umclc

1 % l()"/gamclc
I % l()“lgamclc

Gonial, male 2 x 10"%gamete
Skeletal 5 x 10" /gamete
Cataract 5-10 x ll)"/gnmclc

Other 5-10 x 10 "/gamete
Postgonial, female 5-10 x 10" "/gamete
Recessive visible mutations (specific locus tests)

Postgonial, male
Postgonial, female
Gonial, male
Reciprocal translocations
Gonial, male
Mouse
Rhesus
Marmoset
Human
Postgonial, female
Mousc
Heritable translocations
Gonial, male
Postgonial, female
Congenital malformations
Postgonial, female
Postgonial, male
Gonial, male
Aneuploidy (trisomy)
Postgonial, female
Preovulatory oocyte
Less mature oocyle

65 x 10 *ocus
40 x 10" ¥locus
22 x 10 *locus

1-2 x 10 Yeell
2 % 10 Ycell
7 x 10 4cell
3 x 10 Yeelt

2-6 x 10 *rcell

4 x 10 "Igamclc
2 x 10 5/g:|mclc

2 x 10" Ygamete
4 x I()"‘/gamctc

2-6x 1) 5Igumt:u:

6 x 10" %celt
6 x 10 “cell -

5 x 10" Ygamete
2 x 10 5/gz|mclc

1 x 10 7/gamctc

1-3 x 10 ¥locus
7 x 10 *locus

1-2 x 10-%cell

75 x 10" Ygamete
40 x l()"‘/gumclc

25 x 10 "/gamete

145 x 10" *locus
125 x 10 ¥locus

S5—-10 x 10" Ycelt
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The studies on which the data in Tables 2.9 to 2-11 are based are
summarized briefly in the following discussion.

The Mouse and Other Laboratory Mammals:
A Summary of Present Knowledge

The BEIR V Committec decided to include a brief summary of the
present knowledge of the genetic effects of ionizing radiation in laboratory
mammals. Such a summary was not included in previous BEIR reports
(NRC72, NRC80), although many critical issues were discussed in a series
of notes or appendices to the chapters on genetic effects. Prior committees
deferred to the excellent detailed reviews of radiation genetics published by
the United Nations (UN72, UN77), and the present committce continues
that tradition to include the most recent documents (UN82, UN86). The
thorough reviews of mutation induction in mice by Searle (Se74) and by
Selby (Se81) are also recommended as excellent sources of information.
We belicve, however, that present and future users of the BEIR committee
reports could benefit from a concise summary that identifies the scope and
limitations of our understanding.

The information is presented under several general headings of genetic
endpoints and under each endpoint includes the information that can con-
tribute cither to the projection of radiation-induced genetic risks to humans
or, if not directly appropriate for such use, to a better appreciation of the
range of information available from studies with experimental animals.

Dominant Mutations

By definition, mutations in this category are detected in the immediate
F, progeny of the irradiated generation. Tests for heritability are straight-
forward, unless the method of detection requires sacrificing the animals, as
in the casc of mutations affccting the skeletal system, in which the animals
under scrutiny must be bred prior to final evaluation to prevent the loss of
any potential new mutations. Information in this general category falls into
three subclasses: mutations causing (1) skeletal abnormalities, (2) abnor-
malities of the lens, and (3) all other dominant mutations. All data have
been obtained from the study of mice.

Skeletal Abnormalities }/k

In the original studies by Ehling (Eh65, Eh66), the mutation rate for
single doses of x rays was estimated to be about 1 x 10~5/gamete/R for
spermatogonia and about 3 x 10~%/gamete/R for the postspermatogonial
cell stages. Both values were corrected for control occurrences.
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TABLE 2-11  Estimated Doubling Doses for
Chronic Radiation Exposure (Primarily Mousc)

Genetic Endpoint
and Sex Doubling Dose (rad)”
Dominant lethal mutations
Both sexes 40-100
Recessive Iethal mutations
Both sexcs (150-300)
Dominant visible mutations
Male
Skeletal (75-150)
Cataract {200-4(X)
Other 80
Female . (40-160)

Recessive visible mutations
Postgonial, male

Postgonial, female 70-610
Gonial, male 114
Reciprocal translocations
Male
Maouse 10-50
Rhesus (20-40)
Heritable translocations
Male (12-250)
Female (50-100)
Congenital malformations
Female, postgonial ’ (25-250)
Male, postgonial (125~ 1.250)
Male. gonial (RO-2.5(x))
Ancuploidy (hyperhaploids)
Female
Preovulatory oocyte (15-250)
Less mature oocyte (250-1.3(4)
Median (mouse, all endpaints, hoth sexes)
Direct estimates 70-80
Indircet estimates (150)
Overall 100-114

“Values not in parcntheses are based on the spontancous rate divided
by the induced rate/rad for the low dose rate; values in parcntheses
are based on the spontancous rate divided by the induced rate/rad
at the high dose rate, multiplicd by 5-10 to correct for the dose rate
cffect.
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A major study by Selby and Selby (Se77) gave a spermatogonial rate
of 2.3 x 10-5/gamete/R of 137Cs gamma rays. The exposure involved a 100
R and a 500 R exposure separated by 24 hours. This type of fractionation
procedure is often used in mouse genetics to augment the yield of mutations
per unit dose while avoiding excessive cell killing (Ru62). These data were
used in the BEIR III report as an integral part of the risk analysis for
dominant disabilities. However, the mutation rate was adjusted for both
dose rate and dose fractionation factors for that application.

Abnormalities of the Lens (Cataracts)

All avaijlable data are from studies by Ehling and colleagues (Eh85)
and Graw et al. (Gr86b). For x- and gamma-irradiated spermatogonia, the
mutation rate ranges between about 3 x 107 and 13 x 10~7/gamete/R.
Both single and split doses (24-hour interval) were used, but no consistent
variation related to exposure factors was seen. Limited information on
postspermatogonial stages indicates a rate per gamete that is two- to
fivefold greater than that for spermatogonia.

All Other Dominant Mutations

This is a heterogeneous class of mutations that includes, but is not
limited to, changes in growth rate, coat color, limb and tail structure, hair
texture, eye and ear size, congenital malformation incidence, and histo-
compatibility. For most traits, dctection can be done nondestructively by
consistent evaluation of the F; progeny. The study of malformations re-
quires prenatal observation, and the data in this subclass, although limited,
will be presented later in this chapter in the section on complex traits.

Efforts to determine a2 mutation rate for histocompatibility loci have
been essentially negative. No significant increase in mutation frequency
was noted for either x-irradiated sperm or spermatogonia (Du81, Ko76).
The failure to detect significant increases suggests that these loci are either
much less mutable or more liable to lethal mutation than expected on the
basis of known mutation rates for specific recessive visible mutations in
mice.

The balance of the quantitative data on dominant visible muta-
tions is from the Medical Research Council Radiobiology Unit, Har-
well, United Kingdom (Lu71, Sc74). The spontaneous rate is about 8
x 10~%/gamete/generation, and the induced rate for single doses of x rays
to spermatogonia is about 5 x 10~7/gamete/R. A study using protracted
60Co gamma rays compared with fission neutrons (mean energy of about
0.7 MeV) gave spermatogonial mutation rates of 1.3 x 10~7/gamete/rad
for gamma. rays and 25.5 x 10~7/gamete/rad for neutrons resulting in an
RBE value of 20 (Ba66). Dominant visible mutations were also scored in
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a study on x-irradiated females exposed to single doses of 200, 400, and
600 rad (Ly79). The induced rates were between 5 x 10~7 and 10 x
10-7/gamete/rad.

These data on dominant mutations have usually been considered to
be minimum estimates because of incomplete ascertainment of all classes
of mutation events. Other studies reported by Searle and Beechey (Se85,
Se86) with a different marker stock suggests that the rate may be as high as
about 3 x 10-%/gamete/rad of x rays (1,000 rad given in two 500-rad doses
with a 24-hour interval), which implies that the value of 5 x 10~7 may be
low by a factor of 3-6.

In summary, data on dominant visible mutations have yielded rates
that vary by a factor of 20 for comparable types of exposure, but this range
is no more than that observed for other genetic endpoints. Although the
data arc limited in the range of doses and exposure factors used, they
demonstrate dose rate and LET factors or ratios that agree closely with
those observed in more extensive studies with other endpoints.

Dominant Lethal Mutations

Data for this category of genetic events have been largely ignored
in the analysis of genetic risks, because dominant lethal mutation rates
have been used principally to measure damage induced in the meiotic and
postmciotic cell stages. Damage in these stages has been considered to be
only transient and of limited concern for human populations. In addition,
most of the mutations would be eliminated early in gestation, and many
would be climinated prior to implantation (see Note 14 in NRC80). This
class of injury now requires some considcration because (1) the endpoint
has been used for broad comparisons of dose rate and LET factors, (2) the
category has been broadened to include the results of extensive retrospective
analyses of data on litter size changes and preweaning mortality from earlier
genetic studies (UN86), and (3) the concern about continuous low levels
of environmental or occupational exposure requires that consideration be
given 1o damage that is being induced continuously in the meiotic and
postmeiotic cell stages.

Dominant lethal mutations, generally called simply dominant lethals,
are scorcd among the first-generation progeny of an irradiated generation,
essentially by their absence. Compared with appropriate controls, a defi-
ciency in the number of offspring is measured at any time from conception
to weaning age, which is at about 21 days of age in mice, the species for
which most data have been obtained. Lethal mutations that express them-
selves between conception and implantation in the uterine wall (preimplant
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losses) are not as reliable a measure as those that occur between implan-
tation and birth (postimplant losses) or as those that arc manifested as
postnatal reductions in litter size at any time from birth to weaning.

Dominant lethals are attributed to the induction of one or more major
chromosome or chromatid aberrations that interfere with the complex
scquence of cell and tissue differcntiations that occur during organogenesis
and fetal growth. The chromosome imbalances that typify these lethal
mutations are usually selectively eliminated during mitotic cell division, so
they do not persist in the stem cell population. Rates of induction are
scnsitive to cell stage in gametogenesis, with the highest rates occurring in
the postgonial stages.

Postgonial Stages

There is a remarkable uniformity among the results of many individual
studies that used high-dose-rate, low-LET irradiation of male mice that
were then bred for the first 4 to 5 weeks after exposure. A rate of about
10 x 10~%/gamete/rad has generally been observed (Eh71, Sc71, Gr79,
Gr84, Ki84). Although control values vary among different genetic strains
of mice, these values range only between about 0.025 and 0.1/gamete.

Dose rate has only a small influence on the mutation rate in the
postgonial stages, and the small amount of repair implied by this dose rate
effect is probably due to induced unscheduled DNA synthesis, The mutation
rate drops to about 5 x 10~%/gamete/rad at low dose rates. For the high-
LET radiations, such as fission ncutrons and 5-MeV alpha particles, the
RBE valuc is about 5 (Gr79, NCRP87). Protracted exposure to neutrons
appears to act in the oppositc manner seen for low-LET radiation exposure
and the mutation rate for Icthal mutations increases at low total doses (less
than 10 rads of neutrons) by about 50%, so the neutron/gamma RBE valuc
increases to about 15.

Data for irradiated females arc sparse, but a study by Kirk and Lyon
(Ki82) for the period from 1 to 28 days postirradiation indicates that the
rate varics with time but averages about the same as that scen for the male,
about 10 x 10~%/gamete/rad. Data from the same institution involving
guinea pigs, rabbits, and golden hamsters suggest that mice may have a
higher rate than other species for lethal mutations induced in males, but
a similar rate exists for all species when compared with dominant lethals
induced in irradiated females (Ly70, Co75).

Age does not appear to influence the induced mutation rate for domi-
nant lethals, although the control rate may increase. It should be noted that
when male mice are periodically scored for induction rate after continuous
or repeated.exposure to gamma rays or neutrons, a steady state value for
the postgonial cell stages develops that is essentially equal to the sum of
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values for all injuries accumulated during the 5-week postgonial period
(Gr86a).

Stem Cell (Gonial) Stage

In a strict genetic sense, most dominant lethals cannot persist in the
stem cell population. Although they are induced in these cells, most are
quickly climinated at cell division because of lethal chromosome imbalance.
Balanced chromosome aberrations do persist, however, and are transmitted
through the series of mitotic divisions occurring in the proliferative phase of
gamctogenesis. Balanced translocations induced in the stem ccll segregate
chromosomally unbalanced gametes during the meiotic divisions. These
unbalanced gametes behave like the dominant lethals induced directly
in postgonial stages and their induction rates reflect the induction rates
for the translocations themselves. For example, a translocation-bearing
spermatocyte will produce the expected four spermatids, bui-on average,
two spermatids will carry unbalanced chromosome sets and act as lethal
mutations. One spermatid will be balanced and viable (the transmission of
the original aberration), and the other will be chromosomally normal and
viable.

Liining and Scarle (Lu71) summarized the available data to about 1970,
in which the average rate for dominant lethals induced in spermatogonia
by high-dose-rate, low-LET radiation was about 9 x 10~%/gamete/R. More
recent data give values between 7 x 1075 and 10 x 10~ 5/rad for both x rays
and gamma rays. A significant dose-rate effect has been seen for gamma
radiation; the rate drops to about 3 x 10~5/rad for weeKkly exposures to 1.4
x 10=5/rad for continuous, low-intensity gamma radiation exposure (Gr79,
Gr83). No dose-rate effect was seen for single versus weekly neutron
exposures in these studies. The fission neutron-induced rate is about 40 x
10~5/gamete/rad, which gives RBE values of 4 to 5 for single doses, 10 to
15 for weekly exposures, and 25 or greater for continuous irradiation.

The 1986 UNSCEAR report (UN86) summarized data originally taken
in the form of litter size reductions at birth, at weaning, or both, which
is essentially a neonatal to postnatal measure of dominant lethals induced
in spermatogonia. The data are from Selby and Russell (Se85), Liining
(Lu72), and Searle and Papworth (UN86). The data from Searle were
from a study published in 1966 by Batchelor et al. (Ba66), and the analysis
by Selby used data collected by the Russells at the Oak Ridge National
Laboratory (ORNL), Oak Ridge, Tenn., in the 1950s. The UNSCEAR
analysis made several adjustments to the findings to make them consistent
with regard 10 the response to low-dose rate and low-LET radiations. The
rates from the three sets of data were 11 x 1076, 19 x 10-5, and 24 x
10~%/R or equivalent, which is not significantly different from the value of
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14 x 10~6 given previously for losses measured in utero. These results were
surprisingly similar, and the variation among the values is certainly within
the limits of experimental error for the type of measurements involved.
These mutation rates predominantly reflect the chromosomally unbalanced
gametes segregating from balanced translocations. Higher rates would
normally be expected for observations made at weaning compared with
those made in utero, but no study has examined this type of lethality
longitudinally over the full 6-weck period from conception to weaning.

In summary, dominant lethal mutations show consistent rates among
different studies. For postgonial stages, it is about 10 x 10~%/gamete/rad
for high-dose-rate, low-LET exposure. Low-dose-rate exposure reduces the
value by a factor of 2. For spermatogonial stages, the high-dose-rate value
is about 1 x 10~%. The dose-rate factor is about 7, and the low-dose-rate
value lies between 10 x 10~6 and 25 x 10~%/gamete/rad, depending upon
method of ascertainment. RBE values for fission neutrons are between 5
and 15 at a high dose rate and 20 to 40 at a low dose rate. Continuous
exposure induces a steady equilibrium rate reflecting the high sensitivity of
the postgonial cell stages.

Recessive Autosomal and Sex-Linked Lethal Mutations

Mutation rates in this classical catcgory of genetic injury have been
somewhat elusive in mammalian genetics because, until recently (Ro83),
no chromosome inversion stocks were available to facilitate the detection
and isolation of new mutations. The methods that have been used, for
example, the Haldane swept-radius procedure or the outcross-backcross
test (Ha56), are not efficient, as they require a series of test generations
and close attention to the sampling variance of litter size. The majority of
the available data have been reviewed by Liining and Searle (Lu71) and
Searle (Se74). ‘

Recessive Autosomal Lethal Mutations

The reviews noted previously gave an estimated mutation rate for
spermatogonia exposed 10 high-dose-rate x irradiation of about 1 x 10~4/ga-
mete/R. This value has been confirmed by Liining and Eiche (Lu75). A test
with 14.5-MeV neutrons by Liining et al. (Lu75a) yielded a mutation rate in
the same range. More recently, a study by Liining and Eiche (Lu82) with x-
irradiated adult and fetal female mice has produced mutation rate estimates
in the range of 0.8 x 10~* 10 1.3 x 10~4/gamete/rad (maturing oocytes) and
no indication of a significant difference in mutagenic sensitivity for cogonia.
A multigeneration study with x-irradiated rats (Ta69) has given mutation
rates for recessive lethals varying from 1 x 10~4 to 1.6 x 10~*/gamete/R,
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depending on the age at which the litter size was measured. The lowest
value was at birth and the highest was at 69 days of age.

There are limited data from studics using an inversion of a major
portion of chromosome 1 of mice (Ro83). Two lethal mutations were
detected in 364 gametes tested after exposure to 892 R of x rays. These data
were from exposed postgonial cells. The rate, 6.2 x 10~%/gamete/R, relates
to about 3.5% of the genome. Assuming this portion is representative of
the whole genome, the rate multiplies up to 1.8 x 10~%/gamete/R, which
is a reasonable expectation for postgonial cells compared to data available
from spermatogonia.

Sex-Linked Lethal andfor Detrimental Mutations

Efforts by Auerbach et al. (Au62), Schroder (Sc71), and Grahn et
al. (Gr72) to determine the mutation rate for sex-linked lethal and/or
detrimental mutations were uniformly unsuccessful, although Grahn et al.
generated an unproven estimate of 8.5 x 10~5/X chromosome/R. Recently,
the discovery and use of a large inversion of the X chromosome has
succeeded in providing a proven estimate (Ly82). The inversion scores
85% of the X chromosome. An x ray dose of S00 rad + 500 rad (24
hour intcrval) to the spermatogonia gave a mutation rate of 3.7 x 10~$/X
chromosome/rad.

In summary, the recessive autosomal lethal mutation rate is about 1
x 10~4 to 2 x 10~%/gamete/rad, for both sexes. There are no data on the
influence of dose rate or the effects of fission neutrons. The sex-linked
lethal mutation rate is probably no more than 4 x 10-%/X-chromosome/rad
and may be onc-half this value if one allows for the possible augmenting
effect of the split-dose exposure regime used to obtain the only available
estimate.

Recessive Visible Mutations

The data in this category are all from studies in which the specific locus
test system in mice was used. Experiments in which this test procedure was
used have been performed for about 40 years in several major laboratories.
The data base is extensive. In a few instances, the data are complex
and even controversial, but for the most part, data from this test are
both uncomplicated and quantitative. They have, as a result, provided the
principal basis for understanding the effects of most physical and biological
variables that influence the mutation rate. The previous BEIR Committee
reports (NRC72, NRC80) and all UNSCEAR reports (UN58, UN62, UN66,
UN72, UN77, UN82, UN86) have relied heavily on the data obtained from
the results of this test. Due to the scope of the data and the availability
of many detailed reviews and summaries, this overview only presents the
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principal mutation rates that define the importance of the major influencing
variables. The variables are as follows:

Physical variables:

1. ‘Total dose

2. Dosc rate

3. Fractionation pattern
Size of dose increment
Interval between doses

4. LET

Biological variables:
1. Cell stage
2. Sex
3. Age at exposure
Age at breeding test (timc since last cxposure)
4. Test stock or locus at risk

The test procedure uses a genetic marker stock that carries, in the
homozygous state, a number of casily identifiable recessive mutations with
known viabilities and locations in the genome. An irradiated wild-type male
or female is crossed to the multiple recessive test stock and a new mutation
at any of the marker loci can be detected in the Fy progeny. Subsequently,
a series of test matings can be performed to ensure allelism, to test for
viability, and to establish the new mutant stock for any additional detailed
genetic analysis. Principally, however, the detection of a mutation in the
F, progeny can be considered unequivocal evidence for the occurrence of.
a new mutation, '

Several tester stocks have been developed, but nearly all data are from
onc stock developed at ORNL by Russell (Ru51). This stock consists of
seven recessive visible mutants: six coat color mutants and one structural
(cars) mutant. A second tester stock was developed at Harwell, United
Kingdom (Ly66), and was uscd only briefly. It carries six recessive mutants,
one common to the ORNL line (a color mutant), four other coat color
mutants, and one structural (skcletal) mutant. A third stock has been de-
veloped in the Soviet Union (Ma76) from Ehling (Eh78), but it apparently
has not been used in radiation studies. Recently, a fourth stock carrying
three pairs of closely linked mutants has been developed at Harwell by
Scarle and colleagues (Se85a, Se86). Where data are available, the differ-
ences among the stocks would seem to devolve to differences among the
loci themselves, not to the different genetic backgrounds (Fa87).

The intrinsic value of the specific locus test system is in the clarity of
the endpoint and its utility for testing concomitant variables quantitatively.
Nevertheless, the reader should be cautioned to appreciate that data princi-
pally based on only seven loci should not be presumed to represent the full
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genome of the mouse, let alone the genomes of other mammals, including
that of humans. )

As noted, the data from the specific locus test are too extensive to
be presented in detail. This overview is, therefore, limited to the principal
estimates that- define the influence of the major physical and biological
variablcs. The interested reader can find detailed information from the
UNSCEAR reports, collectively, from the reviews by Green and Roderick
(Gr66), Searle (Se74), and Selby (Se81), and from more topical summaries
by Russell et al. (Ru58), Russell (Ru65, Ru77), Russell and Kelly (Ru82a,b),
Ehling and Favor (Eh84), Batchelor ct al. (Ba66), and Lyon et al. (Ly72a).

Studies with Males

The spontaneous mutation rate for the seven-locus tester stock is
between 8 x 10~° and 8.5 x 10~S/locus on the basis of pooled data from
the three principal laboratorics (ORNL, Harwell, and Neuherberg) that
involve observations on over 800,000 contro! progeny. The best estimate
presently available is 8.1 & 1.2 x 10-5/locus (Ru82b). This value is not
cell-stage specific and can be used for comparisons with data from any
study. It scems likely, on the basis of the characteristics of the spontaneous
events, that they have occurred predominantly in the stem cells.

The induced rate.for spermatogonia exposed to single doses of low-
LET radiation delivered at high dose rates is generally considered one of
the bascline values. The present best estimate is 21.9 = 1.9 x 10~%/locus/rad
(Ru82b) at single doses of x rays between 300 and 700 rads. Above this
dose level, the mutation rate drops sharply to less than 10 x 10~3/locus/rad,
a phenomenon attributed to the overriding effect of cell killing.

The data for postgonial cell stages are not as complete, but the rate
per locus per rad is two- to threcfold greater than for spermatogonia and
reaches a level of about 65 x 103 to 70 x 10~ among progeny conceived
during the first 4 weeks after exposure to 300 rad of x rays (data from
Russell in Se78).

The other important baseline value for spermatogonia is for the re-
sponsc to low-dosc-rate, low-LET radiations (in this instance !'37Cs and
9Co gamma rays). The rate is 7.3 & 0.8 x 10~3/locus/rad for total doses
between 35 and 900 rad (Ru82a). The dose-rate factor is 3.0 + 0.4. This
value of 3 is low in comparison with the effect for specific locus mutations
in oocytes and for translocations induced in both sexes. (See discussions
earlicr in this chapter of the application of this factor to the human data ob-
tained from survivors of the atomic bombings of Hiroshima and Nagasaki.)
Russell et al. (RuS8) noted that there is little or no dose-rate effect for
cells exposed at postgonial stages.
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The rate for fission neutron doses below 100 rads is between 100 and
150 x 10~3/locus/rad (Ru65, Ba66, Se67). Dose rate has no influence,
and the derived rate depends upon the dose-response model used, Above
100 rad the response to a single neutron dose drops significantly below
that which is expected, a finding comparable to that seen with high doses
(about 1,000 rad) of x rays. Neutron dose protraction causcs the mutation
rate at these higher doses to risc above the single-dose value to a level
consistent with a linear projection from the lower doses. This is the so-called
reversed dose-rate effect reported by Batchelor et al. (Ba67), a phenomenon
sometimes seen in other neutron radiobiology studies. Unfortunately, there
are no data available for doses below about 50 rad, so the mutation rate
at low ncutron doses (less than 10 rad) is unknown. It could be as high as
about 200 x 10-3, as judged from the responses seen for other genetic and
somatic cndpoints. RBE values are 5 to 7 at high dose rates and up to 20
or more at low dose ratces.

The response to an internally deposited alpha-emitter, 23%Pu, is inter-
mediate to those of gamma rays and neutrons, with a rate of 18 x 10~ at
low dose rates and an RBE value of 2 to 3 [data from Russell in Report
89 from the National Council on Radiation Protection and Mecasurements
(NCRP87)].

Dose fractionation studies have presented an interesting phenomenon
in terms of the mutation rates induced in spermatogonia. Russell (Ru62)
reported a highly significant augmentation of the mutation rate when 1,000
R was delivered in two 500 R increments separated by a 24-hour interval.
The observed rate was about double the rate expected on the basis of linear
extrapolation from the responses at 300 R and 600 R. A shorter interval or a
greater number of fractions did not duplicate this finding, while a 15-week
interval produced an additive response to the two increments. Russell
also demonstrated that the augmentation phenomenon occurred with a
total dose of 600 R given in 100-R and 500-R fractions 24 hours apart
(Ru64). Cattanach and Moselcy (Ca74) have cxtended the information to
include intervals of 4 and 7 days and found the two 500-R doses to be
roughly additive. In further studics, Cattanach and Jones (Ca85) tested
fractions of 100 R + 900 R and found the results to be subadditive, so
that dosc size and dose interval are both factors in this type of response.
The augmentation effect was also reported by Lyon and Morris (Ly69) for
both specific locus and dominant visible mutations induced in the six-locus
Harwell tester stock. It has been assumed that this augmentation effect is
a general one and would be seen with all other genetic endpoints. It is not
scen for the induction of translocations however (Ca74), so the assumption
of universality may not be appropriate.
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Studies with Female Mice

Data from female mice are not as extensive as those for male mice
and are limited by the fact that most data are from mature and maturing
oocytes. The adult female may be fertile only for about 6 weeks following
a single cxposure of 100 rad or more because of the killing of oocytes at
their resting stage in the process of oogenesis, the dictyate stage. For those
circumstances in which fertility does continue, no significant increase in the
mutation ratc has been seen for conceptions occurring 7 weeks or later
after irradiation (Ru77, Ly79). This observation incorporates data from
many cxperiments that have provided a total of 325,000 oflspring and only
4 obscrved mutants. This approximates the spontaneous mutation rate.

The procedure for estimating the induced mutation rate for maturing
oocytes has involved some controversy, which was discussed in Note 9,
Chapter IV of BEIR I (NRC80) and by UNSCEAR (UN77, UN82). In
simple terms, the controversy arose from differences in the interpretation
applied to the mutation rate data that would account for (1) the observed
nonlincar response to single doses and (2) a vanishingly small mutation
response to low-dose-rate exposures. The alternative interpretations con-
cerned the emphasis placed upon a more classical cytogenetic model for the
mutational event (Ab76) compared with that on the existence of complex
repair mechanisms (Ru58, Ly79). At present, the issue is moot, because, as
Denniston (De82) noted in a review of genetic risk estimates, curve-fitting
cannot resolve the controversy, given the lack of adequate data.

The spontancous mutation rate estimated in the female has been an
integral part of the noted controversy, because, of the eight spontancous
mutations reported by Russell over a series of studies (Ru77), two occurred
as single cvents and six occurred in onc cluster. Lyon et al. (Ly79) concur
with Russell (Ru77) in the position that the cluster should be treated as
onc event, for a total of three cvents, giving a spontancous rate of 2.1
x 10~%/locus. Upper and lower cstimates would be 1.4 x 10~% and 5.6
x 10~° respectively, depending upon the assumptions that cither threc or
eight events would be used. The assumption of two events was included in
the analysis presented by Lyon (Ly79), but this assumption is not favored
by either Russell or Lyon.

The response of mature oocytes to single doses of x rays delivered
at 50 R/minute or greater is distinctly non-linear, concave upward, over
the dosc range of 50 R to 600 R. For progeny conceived during the
first week after exposure, a lincar-quadratic equation gives a linear term
of 39 x 10~%/locus/rad (Ly79). Data from the first full 6 wecks, while
less complete than those for the first week, indicate that the nonlinear
responsc persists and the mutation rate (linear term) remains high, with
the possibility it can approach a value of 50 x 10~3/locus/rad (Sc74,
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NRC80). Protracted exposures dclivered either as continuous low-dose-
rate exposures or multiple-increment fractionated exposures give a lincar
response over the dose range of 200 R to 600 R. The mutation rate
is between 1.1 x 1078 and 3.0 x 10-3/locus/rad, depending on certain
assumptions concerning the spontancous rate and the use of data from
older females (Ru77). This is clearly below the value for males by a factor
of 2 or more, while the high-dose-rate value is greater than the value for
males by nearly a factor of 2. The dose-rate factor is thercfore at least 10
for females, compared with only 3 for males,

The limited data for fission neutrons give a mutation ratc of about
145 x 10-3/locus/rad, as derived from the data of Russell (Ru72) for single
doses of 30, 60 and 120 rad. Assuming no dose-rate effcct for neutrons,
the RBE value¢ would be 5 at high dosc rates of low-LET radiation and 50
or greater at low dose rates.

Other Variables
Age

Age may influence the response in two ways: from variation in age at
cxposure and age at testing, which may also be confounded with elapsed
age since the last exposure. For young adult male mice exposed for
12 wecks and then mated for the following 18 months, there was no age-
related variance in the mutation rate; the rate remained essentially constant
(Ba66). In a study reported by Russell and Kelly (Ru82a) four groups of
males were cach exposed to radiation for 8 weeks. The first group began
receiving radiation at 9 weeks of age, and the three subsequent groups
began exposure at 90-day intervals. No significant dependence on age was
observed. Thus, for adult male mice, age does not appear o influence the
mutation rate. '

For female mice, the clapsed time since last cxposure is critical because
of the sensitivity of the dictyotenc oocyte to the lethal effects of cxposure.
The mutation rate in the first week is usually somewhat lower than that in
the sccond through sixth weeks, whercupon the rate drops to zero (Ru77).
Onc sct of data reported by Russcll (Ru63) suggested that older females
(6 10 9 months of age compared with those 2 to 4 months of age) had a
significanily higher mutation rate in their second litters but not in their first
litters. This scems to have been an isolated observation thai has not been
confirmed.

Some data are also available on the response of male and female
mice cxposed during prenatal, nconatal, and juvenile age periods. The
data are from a mixture of experiments and conditions. Searlc and Phillips
(Sc71) exposed mice to 108 rad of fission neutrons over a 1 week period
prior to day 12 of gestation and then test-mated the animals as young
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adults. Mutation rates were 42 x 10~8/locus/rad for the males and 58 x
10~3/locus/rad for the femalcs. Both values are only about one-third those
found with irradiated adults.

AL 17.5 days of fetal life, a single dose of 200 R produced mutation rates
of 21 x 10~3/locus/R for malcs and 7 x 10~3/locus/R for females (Ca60).
Exposure of newborn mice to single doses of x rays induced mutation rates
of 13.7 x 10~3/locus/rad for males (Sc73) and about 10 x 10~3/locus/rad
for females (Se80). Selby (Se73a) exposed male mice at the ages of 2, 4, 6,
8, 10, 14, 21, 28, and 35 days and thc mutation rates tended to dichotomize
into the two periods of 2-6 days compared to 8-35 days. The ratc was
17.5 x 10-8/locus/rad at 2-6 days and 30.6 x 10~3/locus/rad at 8-35 days.
As the average rate for single exposures is about 22 x 10~3/locus/rad, the
Committee considers that none of the values from birth through 5 weeks
of age differed significantly from those for adults. However, the newborn
males do seem to have a lower rate. In general, prenatal, newborn, and
juvenile animals of both sexes appear to be less sensitive than their adult
counterparts.

Tester Stock or Locus at Risk

The two Harwell stocks have produced mutation rates about one-third
the value seen with the ORNL stock (Ly66, Ly69, Se85a, Se86). This
variation probably reflects differences in the loci at risk in the three stocks
rather than an effect of the background genotype, Favor et al. (Fa87) have
tested six of the seven loci in the ORNL stock in two unrelated inbred
backgrounds, the BALB/c and DBA/2 mouse strains. Mutation rates were
identical with those found in the hybrid tester stock.

The observed frequency of mutations among the seven loci varies by
at least 30-fold, and 50% or morc of the induced mutations have occurred
at only two loci, the brown (b) and piebald (s) loci. Less than 20% were at
the agouti (a), dilute (d), and short-ear (se) loci, while the remaining 25%
occurred at the albino (¢) and pink-cye (p) loci. Only the ORNL stock has
tested the b and s loci, and only the a, d, and se loci have been common
loci for the scveral stocks. It would be expected thercfore that the overall
mutation rates for the different stocks should differ by at least a factor of
2.

Chromeosome Aberrations

In 1964 a new procedurec bccame available for making cytological
preparations of mammalian spermatocytes in meiosis that permitted reliable
screening for the occurrence of chromosome and chromatid aberrations
(Ev64). The technique soon became widely used, and much quantitative
data have since been collected on the cytogenetic effects of radiation
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exposure of the male germ line and, to a lesscr extent, the female germ line.
Most of the quantitatively useful data involve the induction of balanced
or symmetrical chromosome translocations. These translocations are of
concern because they produce an increase in prenatal losses through the
segregation of chromosomally unbalanced germ cells during gametogenesis.
They also perpetuate themsclves by segregating chromosomally balanced
but translocation-bearing gametes (the heritable translocation),

The kinetics of translocation induction and the genetic consequences
of their occurrence were discussed in Notes 3 and 14, Chapter 1V, BEIR
III (NRC80). A principal concern was the risk that a small number of
carriers of an unbalanced chromosome set segregating from a balanced
translocation heterozygote would survive to birth and thus add to the
frequency of severe physical or mental abnormalities among the offspring
of irradiated parents. There was no discussion in the BEIR III report
of the parameters and variables influencing the induction of the original
translocations. Because the induction rates for translocations depend on
many important variables, such as LET and other exposure parameters,
and data arc now also available from a number of mammalian species
other than mice, the major aspects of translocation induction rates will
be summarized here. It is not possible to provide a detailed summary
because the data are too diverse and because many investigations have
uscd the translocation endpoint for the study of mechanisms of damage
and repair, which goes beyond our immediate interests. The following
overview identifies only the major variables and the magnitude of their
influence on the rate of translocation induction. Detailed reviews of the
original studies can be found in UNSCEAR reports (UN72, UN77, UN82,
UNB6), and in Leonard (Le71), Adler (Ad82), and van Buul (Bu83). Much
of the information comes from a series of studies from Harwell (Cattanach,
Lyon, Searle), ORNL (Brewen, Preston), Mol, Belgium (Leonard and
colicagues), and the Soviet Union (Pomerantseva and colleagues).

Male Mice

In many respects, the variables that influence translocation induction
and their effects are similar to those that influence the specific locus
muiation rate. Similar to the specific locus test data, a baseline value is
scen for the rate of translocations induced in spermatogonia by exposure
to single-dose, high-dose-rate, low-LET radiations. Although there is some
variation among differcnt mousc strains and hybrids, the average induced
lincar rate is 1 x 107* 10 3 x 10~* cells with translocations/rad over a
dose range up to about 300 rad. The spontaneous rate also varics among
diffcrent mouse strains and hybrids, but generally ranges between 2 x 10~4
and 2 x 10~3 cells with translocations. Under ideal conditions for collection
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and scoring, the response to x rays or gamma rays is nonlinear and shows
a classical linear-quadratic dose-responsc relationship up to about 600 rads
(Pr73). At higher doses, the responsc levels off and later drops. This is
attributed to cell killing.

After a single exposure, the rate tends to remain unchanged for about
3-6 months, followed by a modest (20-30%) decrease in value (Lc70, AlS5).
The decrcase may not always be detected because there may also be
a general increase in the spontancous frequency of aberrations in older
animals (Mu74, Pa83).

Several studies have examined the influence of dose rate, and the
results have been consistent in demonstrating that there is a steady decline
in the basic induction rate per rad as the dose rate decreases from about
100 rad/minute down to about 0.1 rad/minute. The induction rate declincs
by a factor of 10, down to about 1.5 x 10~5/rad. An absolute minimum
rate would probably be about 1 x 10~%/rad (Se76, Br79a). At low dose
rates, the response is linear over wide dose ranges (greater than 1,000 rad),
and it is this lincar regression on dose that steadily declines as the dose
rate declines. In other words, there docs not appear to be a single linear
term in a series of linear-quadratic equations.

Several studies with fission ncutrons have also provided generally
consistent results (Gr84). The response peaks at about 100 rad and then
drops sharply when single doscs are used. Up to 100 rad, the response
may be cither linear or nonlinear with a negative dose-squared term. The
RBE value for lincar terms at low doses is about 5. When neutron doses
are protracted or are given in repeated small fractions, the response is
either equal to or greater than the response to low single doses (Gr83).
The augmentation of response is probably no greater than about 25% at
low doses. At doses above 100 rad, there is no decline in response, so
the augmentation factor ranges from about 2 at 100 rad to 5 or more at
150 rad. The RBE valuc for protracted cxposures, neutrons versus gamma
rays, varics with dose rate in low-LET radiation exposures, but approaches
50 at the lowest dose rates (Gr86a).

Studies with alpha-emitters have not given consistent results. Never-
theless, the response is no greater than that scen with fission neutrons and
it may be less (Se76, Gr83). High-energy neutrons are also less effective
than fission neutrons.

Dose fractionation has been used extensively to study cell stage sensi-
tivity, cell synchronization and repair, and the interaction of mutagenic and
lethal actions (sce, for example, Cattanach and colleagues Ca74, Ca76).
For the purposes of this report, the findings can be reduced to a few
general observations. For split doses with intervals of less than 1 day,
variable responses are seen that are usually subadditive. Intervals of 18 to
36 hours yicld responses that arc generally additive for the two doses. It
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is important to note that superadditivity or augmentation of injury is not
observed with the 24-hour interval as is observed in the specific locus test
(Ca74). With intervals of days to weeks, subadditive responses are seen
to at least a 3-week interval in some studies and up to 6 weeks in others.
Eight-week intervals produce clear additivity of the individual doses, cven
when exposures are repeated beyond only a single pair of doses (Pr7'6).
With long intervals between doses, the decline in response seen for high
single doses does not occur.

When small dose increments (less than 50 rad) are given at daily or
weekly intervals, additivity exists, but the rate of response is less than
that seen for comparable single doscs, and the magnitude of this drop in
response depends on the size of the dose increment, the dose interval,
and the instantaneous dose rate (Ly70a, Ly70b, Ly72, Ly73; Gr86b, Gr88).
As there are no gencralized formulations to describe or predict responscs
to repeated exposures, most analyses are empirical. Lyon has made the
suggestion that some resistance to subsequent exposures may even be
induced, although such an effect would have to be short-lived (less than
1 week). In any event, the rcsponses to repeated low doses are not
greater than the eflect of single doses and are not less than the response
to low-dose-rate (less than 0.1 rad/minute) continuous or near-continuous
exposures.

The cell stage in spermatogenesis is an important factor, although the
data are not as clear or complcte as they are for spermatogonia (Ad82).
Spermatocyte stages, spermatids, and spermatozoa are more sensitive than
spermatogonia, with spermatids being the most sensitive, according to
data from F; male progeny derived from irradiated sires. The damage
induced in spermatocytes and scored at first metaphase is complex, because
rearrangements involve both chromosomes and chromatids. Fragments and
dcletions are also seen from the cxposure of spermatocytes. Results from
different studics are not consistent, but generally, the rates of induction
for translocations are about two- to fourfold greater than they arc for
stem cclls. Dosc-rate factors are limitecd because meiotic and postmeiotic
stages have a limited repair capacity. Fission neutrons may have high
RBE values, comparable to those for stem cell exposures, because of their
efficiency in producing chromosome or chromatid breaks and fragments.
Alpha particles, on the other hand, are not as efficient as neutrons because
of their extremely dense ionization track (Gr83).

Female Mice

The data from adult female mice are quite limited in comparison
with those from male mice because the information is largely restricted
to maturc and maturing oocytes that can be screened for only ‘the first
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6 weeks after exposure to radiation. However, a recent report by Griffin
and Teage (Gr88a) has shown that significant increases in structural and
numerical chromosome abnormalities can be induced in immature oocytes
by low-dosc-rate gamma irradiation to total doses of 1, 2, or 3 Gy.

Data have been obtained by both cytological and breeding tests. Be-
cause the oocyte stage is exposed, the responses involve chromatid as well
as chromosome aberrations and include interchanges, fragments, and dele-
tions. Dircct comparison with males is difficult because the stage at which
the oocyte rests during postnatal life, the dictyotene stage, has no exact
parallel in spermatogenesis.

Irradiated oocytes express cytogenctic damage in complex ways, and
chromosome fragments make up 30-50% of the total damage (Ca77).
Fragments would usually be lost in the next cell division, so that deletions or
deficiencics would occur in the zygotes formed from the resulting gametes.
Induction rates either for total cytogenetic damage or for rearrangements
alone arc generally similar for cells of both sexes that are in comparable
stages. Response Kkinetics for single doses are nonlinear, with a strong
positive quadratic (dose-squared) term cvident at doses above 200 rad. For
rearrangements, the rate below 200 rad for oocytes is 1 x 1074 t0 2 x
10~*/rad during the first week after exposure (Br79). The rate rises to
about 6 x 10~%/rad during the second and third weeks, a response pattern
comparable to that seen for specific locus mutations in oocytes.

Also comparable to the specific locus test data is the observation that a
significant dose-rate effect exists: reducing the dose rate from about 100 to
about 0.04 rad/minute reduces the effectiveness by a factor of 7-10 (Br77).
Evidence of repair capability is also scen in the results of split-dose studies
with short intervals of 90 minutes to 1 day.

Age is another factor for females. The spontancous frequency and
induced rates of common chromosome aberrations are higher in female
mice of about 1 year of age or greater (Se85a).

Although several attempts have been made to detect aberrations in-
duced by ncutron irradiation, no clear evidence has been obtained (Se74a).
Aberrations are certainly induced in oocytes by neutrons, however, because
there is clear evidence of an increase in the frequency of dominant lethal
mutations, which are attributable to complex cytogenetic damage.

Mammals Other Than Mice

At lcast cight mammalian specics have been screened for the induction
of reciprocal translocations in spermatogonia by single doses of low-LET
radiation. At least six different inbred or Fy hybrid strains of mice have
been studied, along with three other small laboratory mammals (guinca
pigs, rabbits, and hamsters) and sceveral primate species, including rhesus
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monkeys and humans. The basic dose-response curve is similar for all
species. There is an initial lincar increase with dose, a plateaving of the
response, and then a decrease in the induction rate as cell killing intervenes.
The response for mice peaks (for single doses of low-LET radiation) at
about 600 rad, but for all other species the maximum response is at 300 rad
or less. The initial linear coefficients fall within the limits of about 0.8 x
10~ and 3.5 x 10~* translocations/cell/rad for all the species except for the
marmoset, Saguinus fuscicollis (Ma85). In this species, the rate of response
is estimated to be 7.4 x 10~%/rad (Br75). The limited data available for
humans give a rate of about 3.4 x 10~%/rad, which is near the high end
of the range (Br75). The highest value for mice, however, is about 2.6 x
10~4/rad, which is not significantly below the human value. The response
of the rhesus monkey is 0.86 x 10~%/rad (Bu83, Bu86). However, recent
studies with two specics of Macaca indicate that the best value for this
genus is about 2 x 10~%/rad (Ad83).

As noted earlier, both the BEIR III (NRC80) and UNSCEAR (UN77)
committces used a valuc of 7 x 10~%/rad as a rcasonable estimate of the
human response to low single doses of x rays or gamma rays. That value
was derived from a combination of data from marmosets and humans at
doses of 100 rad or less. Only one datum point, at 78 rad, was taken from
the human data, while three data points, at 25, 50, and 100 rads, were taken
from the marmoset data. A control value of zero events, which was the
case for both species, was used to complete the analysis. In this manner the
value of 7 x 10~4 was derived from a merged data set from two specics,
a practice not commonly used in extrapolation modeling. In more recent
UNSCEAR reports, more emphasis was placed on direct estimates from
studies with rhesus and crab-cating monkeys. These two primate species
produced the maximum difference in the raies of response noted previously
(0.86 x 10~% to 7.4 x 10~*). In addition, UNSCEAR (UNS86) also noted
some preliminary (unpublished data) dose-rate data with the crab-eating
monkcey that suggest a factor of 10 reduction in effectivencss for a dosc
rate of 0.002 rad/minute compared with a dose rate of 25 rad/minute. The
factor of 10 is similar to that seen in mice.

Other Aberrations.

Irradiation of the meiotic stage in gametogenesis in either sex has
demonstrated that chromosome and chromatid breaks, leading to the for-
mation of fragments, deletions, and dicentrics, are readily induced. Rates
of induction are not consistent among different studies and are dependent
on the exact cell stage in gametogenesis and on the quality of the cyto-
logical preparations. On average, following administration of single doscs
of x rays or gamma rays, the ratc of other aberrations would probably be.
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about equal to the rate of rearrangements alone, which was noted above
to be at least two- to fourfold greater than the rate of induction of stem
cells. While the chromosomally unbalanced gametes that would result from
thesc other aberrations would be eliminated early in fetal life and would
not contribute to the transmissible genetic burden, they would increase the
frequency of reproductive failurcs early in gestation.

Finally, chromosome inversions have been induced experimentally in
mice and have been characterized in order to be used in other studies. The
rate of induction by radiation is not clear, but it probably does not exceed
4 x 10~%/gamete/rad for cells exposed at postmeiotic stages (Ro71).

Complex Traits

Complex traits are difficult to study in the laboratory, and therefore
mutation rates or comparable cocflicients of induced risk have not been
available for use in genetic risk assessments. Nevertheless, the data from
animal studics on complex traits carricd out over the past decade have
achieved some modest success, and the summary of information in this
category will be presented in terms of two classes of traits. The first
class includes traits that have provided some opportunity for rate analysis,
and the second includes traits for which evidence exists of a response to
increased mutation pressure, but not of sufficient quality or rcpeatability to
yield a risk coeflicient.

Traits with Quantifiable Rates of Induction

Congenital Abnormalities

The frequency of congenital malformations, including small stature or
reduced growth rate, in the first-generation progeny of x-irradiated male
and female mice has been evaluated in late gestation (No82, Ki82, Kig4,
Ru86). Irradiated oocytes yield consistent dose-response data between
100 and 500 rad. The rate is 1 x 10~% 10 2 x 10~%/gamete/rad, but
it is slightly lower among progeny conceived in the first postirradiation
week. For male mice, the average response to doses between 100 and 500
rad is 4 x 10-°/gamete/rad for the postmeiotic cell stages of sperm and
spermatids, while irradiated spcrmatogonia yielded a value of 2 x 10-5
to 3 x 10-5/gamete/rad (Ki84). Initially, Nomura (No82) did not see a
significant response for the exposed malc parent, but recent data (No88)
suggest a rate of about 6 x 10~°/gamete/rad for spermatogonia. Rutledge
et al. (Ru86) observed a yicld of 0.5 x 10~5 to 2 x 10~5/gamete/rad for
spermatogonia exposed to 2,000 rads given in four increments of 500 rad
cach separated by 4-week intervals.
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The genetic basis of the obscrved malformations has not been fully
asccrtained. Recent studies suggest a major proportion could be due to
dominant mutations with a high pcenetrance that are expressed and lost in
the first generation. A small number with a low penetrance may persist
into later generations (Ly88, No88). The spectrum of induced abnormalities
appears to be typical for mice. About onc-half of the traits are classificd as
dwarfism, which is defined as a body size smaller than 75% of the average of
all littermates. Reduced stature has also been seen as a common expression
for some specific-locus mutants (piebald, s, for example) and has been
successfully evaluated for heritability in recent studies on dominant visible
traits (Se86). Nevertheless, the observation that dwarfism constitutcs about
50% of all abnormalities urges some caution in the use of these data as a
surrogate for human malformations.

Heritable Translocations

Balanced reciprocal translocations are generally transmissible to sub-
sequent gencrations, Their frequency should theoretically be about one-
fourth the induction rate in spcrmatogonia. In laboratory studics with
mice, the value of one-fourth has been achieved only at a dose of 150
rad, the lowest dose used by Generoso ct al. (Ge84). Ford ct al. (Fo69),
in their detailed cytogenetic cvaluation of the transmissibility of balanced
translocations, concluded that only about one-half of the expected number
would be found in the F; progeny (that is, only one-eighth of the induced
frequency rather than one-fourth). It is reasonable to expect the value of
one-fourth to pertain to balanced translocations induced at all low doscs
(less than 50 rad) and low dosc rates of low-LET radiations.

The experimentally derived rate induced by single or split doses of x
rays delivered at high dose rates was estimated to be 34 x 10~%/gamete/rad
by Liining and Searle (Lu71) and 39 x 10~%/gamete/rad by Generoso ct
al. (Ge84). The spontancous rates were given as 1 x 10~3/gamete by
Liining and Scarle and about 1 x 10~%/gamete by Generoso ¢t al. Pomer-
antseva ct al. (Po76) observed a rate of 31 x 10~5/gamete/rad following
three exposures to 300 rad of gamma rays with a 4-week interval between
exposures, but no control estimate was given. A rate of 15 x 10~¢ 1o
30 x 10~°/gamete/rad has becn observed for S-MeV alpha particles from
gonadal burdens of 23%Pu (Ge85) suggesting an RBE of 1 or less for this
high-LET radiation. There arc no substantive data from neutron irradia-
tions, but RBE values should mimic those seen for reciprocal translocation
induction and, therefore, should range from about 5 to 45.

Data from irradiated female mice are extiemely limited, but the sum-
marics given in UNSCEAR reports of 1977 and 1982 suggest a value no
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greater than about one-half that seen for males (15 x 10~%/gamete/rad
following a single x-ray dose of 300 rad).

Chromosomal Nondisjunction

Relevant human data on the possible induction of nondisjunction by
radiation was discussed carlier in this chapter. Studies of mice by Tease
(Te82, Te85) are pertinent and quantitative. The preovulatory oocyte of the
female mousce is sensitive to the induction of nondisjunction (specifically,
hyperhaploidy) at low doses of x rays (10, 25, and 50 rad). The rate is 6
x 104 10 7 x 10~4/celifrad, and there is no influcnce of age on this rate
of induction, although the intercept increases 10-fold in 1-ycar-old females
compared with that in 90-day-old females. Less mature oocytes (those
scored between 9.5 and 23.5 days after exposure) were significantly less
sensitive and gave lincar rates of 5 x 10-5 to 7 x 10-5/rad over the dose
range of 100 to 600 rad. The mechanisms of induction are not clear, but the
frequencics of all structural aberrations observed in preovulatory oocytes
were considered sufficient to account for the majority of nondisjunction
cvents (Te86). Thus, in mice at least, age is not a factor in radiosensitivity.
The preovulatory oocyte is sensitive to low doses, but less mature oocytes
are quite resistant, '

Multilocus Deletions

The specific-locus test has provided useful data on the characteristics
or phenotypic manifestations of mutations induced by different radiation
qualities and in different germ cell stages. Many of the new mutations
apparently involve a deletion of a small portion of the chromosome where
the marker gene is located, although some would also appear to be at least
the equivalent of an intragenic mutation. Deletions that clearly involve
morc than the specific locus (multilocus deletions) have recently attracted
more atiention in genetic risk analysis because they will gencrally have
deleterious cffects on the heterozygous carricrs and are ncarly always lethal
when they are homozygous (Ru87, dc87). The deleterious manifestations
in the heterozygote include reductions in viability, growth rate, and fertility
and are seen in a variety of organisms, including, in addition to the mouse,
both Drosophila melanogaster and Neurospora species (Se87).

Russell and Rinchik (Ru87) have presented information on the char-
acteristics of about 300 radiation-induced mutations involving the d, se, and
¢ loci in mice. The frequency of intragenic mutations is small; only 15% of
the spontaneous mutations and 11% or less of the induced mutations are in
this class. Depending on the cell stage and radiation quality, about 25% to
75% of induced mutations are multilocus dcletions, while less than 5% are
seen in controls. The balance, from about 25 to 80%, are classed as viable
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null mutations that could be intragenic mutations, single-gene deletions,
or multilocus deletions. About 25% of the low-LET mutations induced in
spermatogonia (with no apparent dose-rate effect), and about 55% of those
induced in postgonial stages and oocytes result from multilocus deletions.
With neutrons, the figures are 35% in spermatogonia and over 70% in post-
gonial cells and oocytes respectively. Thus, a minimum induction rate for
this deleterious class of mutations would be one-fourth (1.8 x 10~3/rad) of
the rate for spermatogonia exposed to low dose rate, low-LET radiations
(7.3 x 10~%/locus/rad). The rate would be about the same for females,
allowing for their lower mutation rate, but higher probability of giving rise
to the multilocus deletion.

It is likely that this class of detrimental mutations overlaps with muta-
tions that are characterized as producing congenital malformations, domi-
nant visible mutations, and possibly, heritable translocations. These latter
categorics have induced rates per gamete, the multilocus class is per locus,
5o there is no simple means of distinguishing them. '

Traits Acknowledged To Be Influenced by New Mutations but
Lacking Sufficient Data for Risk Analysis

Several studies have endeavored to determine the impact of an in-
creased mutation rate on the general fitness of a population, where fitness
incorporates a variety of generally quantitative or continuously distributed
traits. The biological components of fitness include all aspects of viabil-
ity and reproduction, from conception to death. Some specific attributes
are evaluated categorically, such as dominant lethal mutations, congeni-
tal malformations, and litter size. Many attributes, however, do not lend
themselves to the type of rate or risk analysis necessary for the modeling
of projected risks to human populations, even though fitness traits arc im-
portant for the survival and reproduction of a species. Radiation-induced
mutations and the concomitant increases in the genetic variance have been
used successfully to improve productivity for several economic crops, but in
the ficld of mutation genetics, the quantitative analysis of fitness attributcs,
in general, has been unsuccessful. '

Excellent summaries have been given in a symposium edited by Rod-
crick (Ro64), in a review article by Green (Gr68), and in a tabular review
by UNSCEAR (UN72). The issuc was also discussed in BEIR 111, Note 12
of Chapter IV (NRC80).

The summarized studies dealt with carly mortality, growth, reproduc-
tion, and long term survival. More recent studies have dealt with growth
rate and stature (Se86) (discussed earlier in this chapter in the section on
dominant visible mutations) and with the induction of changes is the sus-
ceptibility to spontancous or induced tumors in the mouse (No82, No83).
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According to Nomura’s data, an increased prevalence of tumors is observed
on the basis of a one-time sampling of the F; population at 8 months of
age. The increase is from about 5% in the control to 25% at a 504-rad dose
to cells in postmeiotic stages in males, spermatogonia, or oocytes. There
was no shift in the spectrum of tumor types, and 90% were pulmonary ade-
nomas, which is a common neoplasm in some strains of mice. The one-time
samplc Icaves unanswered the question of whether the increased frequency
is due to a shift in the time of appearance or is due to a real increase
in the total number of tumors over the mouse’s lifetime. Previous studies
of this type gave negative results (Ko65), although there was evidence of
reducced life expectancy in the Fy progeny of irradiated parents in an early
study by Russell (Ru57). As lifc expectancy in the mouse can be closcly
related 1o age, rate, and type of tumor occurrence, Russell's results could
have indicated an induced change in death rates from tumors; however, the
results of Russell’s 1957 study have not been confirmed.

Summary of Data on Mice and Other Laboratory Mammals

Tables 2-9 and 2-10 summarize the data on eight genetic endpoints that
have rcasonably representative mutation rates. All these data have been
derived from studies that were specifically directed toward the particular
endpoint; thus, the rates for multilocus mutations are not included because
of their indircct derivation. Standard errors are not given because they
tend to reflect experimental factors more than they do the true level of
biological uncertainty. Most rates have been rounded so as not to imply
greater precision than that which may actually exist.

The available data are predominantly from studies in which high-
dose-rate cxposurcs with low-LET radiations were used. This reflects the
availability or unavailability of appropriate facilities to carry out low-dose-
rate jrradiations or irradiations with high-LET sources. It also probably
reflects the shifting level of interest from radiation mutagencesis to chemical
mutagenesis over the past 15-20 years. The effect of this shift has been to
lcave large gaps in our matrix of information. '

For the high-dose-rate, low-LET radiations, mutation rates per gamete
or per cell generally fall in the range of 10-3 to 10~%/rad, although there
are several exceptions. Higher rates are seen for dominant lethal mutations
induced in postgonial cells of male mice, for translocations induced in the
spermatogonia of one marmoset species, and for aneuploidy induced in
the preovulatory oocyte of female mice. Lower rates pertain to dominant
visible mutations; however, except for skeletal and cataract mutations, these
are recognized to be systematically underestimated. Rates per locus are in
the range of 10-3 10 10-7.

Low-dose-rate exposures cause the mutation rate to drop by a factor
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of 5 or greater, and a factor of 10 accommodates the range of values,
with onc notable exception. The dose-rate factor for the male specific-
locus mutation rate is only 3. This is a firmly established value. The
reason for this rather low dosc-rate factor is not clear, although it is not
dissimilar from some values derived from other radiobiological studies on
tumorigenesis and life shortening (NCRP Report 64, 1980). RBE values
for fission neutron exposurcs are about 5 for high-dose-rate comparisons
and range from 15 to 50 for low dose rates.

Spontaneous mutation rates (Table 2-9) are understandably less well
known than the induccd rates; this appears to be largely a matter of
inadequate sampling statistics. The values for the specific locus test are
well defined, although even here they are not free of controversy because
of the occurrence of clusters of events. For other endpoints, such as

- translocations in mice, the range of values often reflects genetic diversity

and not uncertainty per se. On this point, the committee notes that there
is considerable diversity in the spontaneous rates among all the known
specific recessive and dominant genes in mice and humans.,

The estimated doubling doscs derived from Tables 2-9 and 2-10 arc
summarized in Table 2-11. Considering all endpoints together, the direct
estimates of doubling dose for low dose rate radiation have 2 median value
of 70-80 rad, indirect estimates based on high-dose rate experiments have
a median of 150 rad, and the overall median lies in the range of 100 to 114
rad. These estimates support the view that the doubling dosc for low-dose-
ratey low-LET radiation in mice is approximately 100 rad for various genetic
endpoints. This contrasts with the results of the human data obtained (rom
the study of Japanese atomic-bomb survivors, as discussed carlier in this
chapter, which suggest that thc value of 100 rad represents an approximate
lower 95% confidence limit for the human doubling dose,
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Mechanisms of Radiation-Induce 1 Cancer

BACKGROUND

Carcinogenesis is viewed as a multistep process in which two or more
intracellular events are required to transform a normal cell into a cancer
cell. The concept that carcinogenesis involves more than one step is derived
from three main lines of evidence: (1) the rate of mortality from cancer
increases as a power function of age, (2) a long latent period typically
intervenes between exposure to a known carcinogen and the appearance of
cancer, and (3) three distinct and separate stages have becn identified in
experimental carcinogenesis: initiation, promotion, and prcgression.

The fact that the cumulative incidence of cancer increases approx-
imately as the seventh power of age during adult life prompted early
investigators to postulate the existence of seven successive events, or steps,
in the conversion of a normal cell into a cancer cell; these events were
thought to involve mutational changes in the broadest sen: ¢ (Ar54). This
concept failéd to recognize, however, the high rates of sc natic mutation
that such a seven-stage model would require, the dynamic state of the target
cells, and the peculiar age distributions typical for the cancers occurring
during childhood. If the kinetics of target cells and the possible growth ad-
vantage of preneoplastic cells are taken into account, the azc distributions
of pediatric and adult cancers can be explained in terms of just two rate-
limiting mutational steps (e.g., sec Mo81), although other cvents that might
be associated with tumor progression or tumor metastasis are not excluded.
In a tumor that has grown to a population of 106 cells, ¢'en events that
occur only rarely in each cell division can be expected to oc zur with a high
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probability in the total cell population. Models that account for all of the
complex factors involved in the mechanisms of carcinogenesis have not yet
been developed to the point where they can be used realistically for risk
cstimation, especially in view of the fact that the sparsity of data available
makes it difficult to choosc among the various possibilities. In Chapter 4
of this report, therefore, descriptive empirical models are used to arrive at
cancer risk estimates.

MECHANISMS

The mechanisms by which radiation may produce carcinogenic changes
are postulated to include the induction of: (1) mutations, including alter-
ations in the structure of single genes or chromosomes; (2) changes in
gene expression, without mutations; and (3) oncogenic viruses, which, in
turn, may cause neoplasia. Although controversy persists as to the relative
importance of these hypothetical mechanisms in the induction of carcino-
genesis, they are not mutually exclusive, since different mechanisms may
be involved at successive stages in carcinogenesis.

The somatic mutation theory of carcinogenesis, proposed by Boveri
in 1914 (Bol4), has received further support from the high correlation
between the carcinogenicity and the mutagenicity of different agents. In
a few types of cancer (e.g., retinoblastoma), moreover, the same specific
gene mutation or deletion is found both in familial and nonfamilial cases,
as noted in Chapter 1, suggesting that the mutation or the deletion of the
gene plays a causative role, as discussed below.

It is possible, on the other hand, that premalignant or malignant
alterations do not necessarily result from changes in gene or chromosome
structure per se, but from changes in gene expression. Support for this
concept comes from evidence that nuclei transplanted from cancer cells into
enucleated ova or blastocysts can produce apparently normal organisms or
tissues in various species, including mice (Br77). Nevertheless, altered gene
expression docs not cxclude the possibility that premalignant cells might
undergo mutation during their conversion to cancer cells,

Initiation, l’mmolion, and Progression in Carcinogenesis

The following generalizations about the process of carcinogenesis are
noteworthy: (1) The effects of radiation and chemical carcinogens which
lcad to cancer are dosc dependent and generally irreversible; (2) the
carci{logenic process is dependent on cell proliferation; (3) the changes
that initiate carcinogenesis in a ccll are passed on to daughter cells; 4
the subscquent events in carcinogenesis can be profoundly influenced by

various noncarcinogenic factors; and (5) tumors tend to become increasingly -
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malignant with time through the stepwise outgrowth of proyressively more
malignant subpopulations of tumor cells.

It is now widely accepted that initiation, the first step in malignant
cell transformation, begins the carcinogenic process, while in most cases
promotion is required to complete the process (Co83). This concept of
carcinogenesis as a two-stage process was suggested originally by studies of
tumor induction in mouse skin in which a dose of chemical ‘arcinogen that
was too small to cause a detectable increase in the incidence of tumors
was found to induce a high incidence of tumors if it was followed by
repeated administration of a suitable promoting agent, an agent that did
not cause tumors when administered alone (Bo74a, Be75). A synergistic
interaction between the initiating cffects of radiation (or various chemicals)
and specific promoting agents is now known to occur in many different
organs and cell systems (Mo64, Pc85, Ja86, Ke84a). In these studies, it
was obscrved that promotion caused a higher incidence of cancer with a
shortened latent period (Ry71). It has been widely assume:! that a similar
two-stage mechanism involving initiation and promotion exi: 's for radiation
carcinogenesis.

Whereas most initiating agents, including radiation, arc carcinogenic
by themselves in a single exposure if they are administered in a sufficicntly
large dose, promoting agents must be given repeatedly over long periods of
time, during which successive phases of promotion may be distinguishable
(Pe85). Different promoting agents, moreover, may act at different stages
of promotion. By the same token, different agents that inhibit promotion
may act at different stages in the process (Pe85).

The term tumor progression has been used traditionally to denote
the acquisition of increasingly malignant properties within an established
cancer, presumably via genetic instability. However, the term has also
come to be used to denote the conversion of a benign growth into a
malignant growth. In either case, the process reflects the proliferation of a
subpopulation of cells within a tumor. This subpopulation of cells expands
and overgrows the less aggressive cells. Radiation has been shown to be
capable of enhancing the process of progression (Ja87). Other clastogenic
agents such as hydroxyurca (Hah86) may also be progression agents for
carcinogenesis (Personal Communication, Dr. Henry Pitot). Similarly,
initiation-promotion-initiation-expcriments, in which promotion is followed
by a second initiation step brought about by the administration of an
initiator, have been found to increase the final incidence of malignant, as
opposed to benign tumors (Mo81, He83). While initiation is thought by
some investigators to result from mutaiional events, promo‘ion appears to
involve non-mutational effects on the kinetics of intermedi: tc-stage cells.

The first step in the initiation of carcinogenesis, whetl :r by radiation
or a chemical carcinogen, has been observed to be an event that-occurs
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in a large percentage of treated cells (Ke85a, CI86a, C186b, Wa88). The
frequency with which this event can be produced experimentally far exceeds
the frequency of mutations at any one gene locus, contradicting the notion
that the initiating event is a specific single-locus mutation. Instead, initiation
more likely appears 10 be an event that increases the genomic instability
of the cells in subsequent rounds of cell division (CI186b, Wa88, Ke84b).
Although much experimental data has suggested ihat the first event in
radiation and chemical carcinogenesis is a widespread, nonmutagenic type
cvent, the same data has suggested that later events in the carcinogenic
process appear to behave like mutations. Thus the notion that mutagenic
cvents may oceur in carcinogenesis still has widespread support, as indicated
clsewhere in this report.

The hypothesized high-frequency initiating event could conceivably be
a change in gene expression (for example, see Fa80) of a type that might
occur in a large proportion of irradiated cclls (Sc85); in Escherichia coli, for
example, radiation induces an error-prone DNA repair system (the SOS
system) which leads to mutations that would otherwise occur only rarely
(Wi76). Although the SOS system is activated for only a short period of
time, other radiation-induced systems may be activated for longer peri-
ods; for example, recombinational events in yeast continue to occur for
many gencrations after irradiation (Fa77). In this connection, it is note-
worthy that SOS functions are also activated by a protease (Li80a) but are
suppressed by protease inhibitors (Me77), which also suppress radiation-
induced recombination in yeast (Wi84) and radiation-induced malignant
cell transformation in vitro (Ke85b). Many other agents that enhance
Or suppress carcinogenesis in vivo exert similar effects on malignant cell
transformation in vitro (Ke84a); these include retinoids (vitamin A deriva-
tives), antiinflammatory steroidal agents, antioxidants, vitamins, protease
inhibitors, and other substances (SI80, Pe8s, Wa85, Ke84a).

After exposure to a carcinogen, proliferation of the exposed cells is
essential to their subsequent neoplastic transformation. Tissue irritation,
which stimulates cell division, was recognized long ago to increase the prob-
ability of tumor development; for example, following carcinogen treatment
of the skin or liver, wounding of the skin or partial hepatectomy enhances
tumor formation in the skin or liver, respectively (Su73). Similarly, the
carcinogenic cffects of 21Po alpha radiation on the lung of the hamster are
enhanced by repeated instillation of saline into the airway, which stimulates
proliferation of pulmonary epithelial cells (Li78, Sh82). Likewise, cigarette
smoke, which contains small amounts of many known carcinogenic agents
(such as 2!°Po) and which is a potent irritant, appears to potentiate the
effects of inhaled radon and its daughter products in uranium miners (Lo44,
Lu71, Sa84). Proliferation is thought to play a role in the fixation of radia-
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tion damage which leads to malignant transformation in the expressioii of
that damage and in the promotional phase of cancer development,

The mechanism of tumor promotion is still obscure. Promoters such as
phorbol esters are known to interrupt intercellular communication in some
cell populations (T¥82), and they have traditionally been thought to be
noamutagenic (Mag83) and thus to act through effects on gene expression
(Bo74). Recently, however, some such agents have been found to pro-
duce chromosome aberrations (Em81), aneuploidy (Pa81), sister chromatid
exchanges (Ki78, Na79), and single-strand breaks in DNA (Bi82). Many
promoting agents, moreover, induce free radicals in cells (Go81, Fi85).
These free radicals can, in turn, damage DNA. It is notes orthy, therefore,
that frce radical-generating agents can act as tumor prom ters (Ke86) and
that inhibitors of free radical reactions can suppress tun >r promotion in
some systems (S183).

Radiation itself also can enhance tumor promotion, tumor progression,
and the conversion of benign growths to malignant growths (Ja87). To the
extent that the effects of radiation are mediated by frec radicals (Li77),
which can also mediate the effects of promoting agents ‘Co83), sequen-
tial exposures to radiation may scrve to promote tumor zenesis through
mechanisms similar to those of chcmical promoting agent.

Natural hormones also may promote carcinogenesis in irradiated indi-
viduals. However, it is not yet clear how comparable the effects of hormones
are compared to the effects of the classical promoting agents. Hormonal
promotion conceivably may be mediated through physio! sgical effects on
the proliferation and differentiation of cells (CI86a,b, W= 38). It may also
be mediated through autocrine growth factors or their r-. eptors, such as
those that may be under the influence of certain oncogenes (Sp8s). In
some cases, hormones may actually suppress tumor promotion by inducing
differentiation in cells that are at risk.

Other factors capable of having a highly significant effc ct on the various
stages of carcinogenesis include age, sex, genetic const:tution, capacity
to repair DNA, carcinogen metabolism, immunologic status, and dictary
factors such as caloric intake (Su73).

Radiobiological Factors Affecting Oncogenic Tkanéformati mn

During the past two decades, much information has been gathered
about radiation carcinogenesis from experimental systems in which cul-
turcd mammalian cells are transformed to a malignant statz by exposure to
radiation. In vitro transformation assays have been used ext :nsively to study
the carcinogenic effects of radiation in a highly quantitativc fashion and in
a defined environment. One major advantage of such in vitro systems is
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that the cffects of radiation on specific target cells can be studied directly
without the presence of extrancous factors, which complicate carcinogenesis
in vivo. In addition, transformation assays are extrcmely sensitive, allowing
detection of the carcinogenic cflects of radiation at doses below those at
which statistically significant carcinogenic eflects have been observed in
animal and human studies. It has been obscrved by many investigators that
radiation-induced transformation in vitro can be modified in the same way
as radiation-induced cancer in animals, with the yields of malignant cells
varying similarly in response to different characteristics of the radiation
(such as total dose, dose rate, fractionation pattern, linear energy transfer
(LET), ctc.) and many other modifying factors, as described below. It is
widely inferred that the processes involved in radiation-induced transfor-
mation in vitro are similar to those involved in carcinogenesis in vivo, and
that results from in vitro studies arc applicable to radiation-induced cancer
in vivo. In vitro transformation systems also offer an approach to studying
radiation carcinogenesis that is less cxpensive and less time-consuming than
animal experiments.

Dose Response

Commonly used in vitro transformation assays can be divided into two |

broad classes. First, there is the use of short-term cultures of embryo cells,
with clonal assays in which transformed clones can be identified after an
incubation period of about 14 days. The transformation frequency and the
surviving fraction can then be assessed from the same culture dishes.

Second, there are assays with established cell lines (such as 3T3,
10T1/2, Rat 2) that have become immortal. These are focal assays, and for
transformed foci to become identifiable, the culture must be continued for
some weeks after the normal cells have reached confluence. Cell survival
and transformation frequency cannot be assessed from the same culture
dishes. Results can be expressed as transformation frequency per surviving
cell, but because the transformation frequency observed is a function of
the number of viable cells seeded per culture dish, the data can also be
expressed in terms of the number of foci per dish or the fraction of culture
dishes bearing foci.

These in vitro assays, bascd on rodent fibroblasts, have been used
widely bceause they are highly quantitative. Ideally, assays based on human
epithelial cells would be more relevant, but, although transformation in
human cells has been demonstrated as a result of exposure to radiation or
chemicals, quantitative assays arc not available.

In recent years, in vivo transformation assays also have been developed
for lhyroxd and mammary cells in rats. Cells are irradiated in situ in the
thyroul or mammary gland and are subsequently excised and transplanted

j
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as a function of dose (Ha80).

to a fat pad in a suitably prepared animal. Cell survival an.| transformation
incidence can be determined in this way (CI86a, CI86b). E-:periments using
different initial cell densities or reseeded/diluted cell cultures have indicated
that the malignant transformation of cells arises from very few carcinogen-
treated cells (Ke85a, CI86b). These results have led to the notion that the
first event in carcinogenesis is a high frequency event as discussed earlier.
The dose-response relationship for the induction of radiogenic trans-
formation reflects a balance between an increase with dose in the pro-
portion of cells that are transformed and a decrease in cell survival. This
is illustrated in Figure 3-1 (Ha80). For gamma rays and other low-LET
radiations, the cell survival curve is characterized by a broad initial shoulder
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rcgion before it becomes steeper and approaches an exponential function
of dose at higher doses (Figure 3-1) (Ha80). Transformation incidence, as
expressed by frequency per surviving cell, increases with dose up to a few
Gray, and reaches a plateau at higher doses. While the transformation
data arc often plotted in terms of frequency per surviving cell, they can
also be expressed as frequency per initial cell at risk when applying these
in vitro data 1o whole organisms. This approach is also illustrated in Fig-
ure 3-1 where the dose-response transformation curve rises at low doses,
reaches a maximum, and falls at higher doses to eventually parallel the
cell-killing curve. The curve represents a halance between transformation
and cell killing and indicates that cclls destined to become transformed
have a survival response similar to that of untransformed normal cells. The
peak of the dose-response curve for transformation frequency per initial
cell at risk often reaches higher values for densely ionizing radiations, such
as neutrons and alpha particles than for x rays or gamma rays.

Dose Rate and Dose Fractionation

For low-LET radiations, the consensus is that cell survival is enhanced
by a decreasc in the dose rate or separation of the dose into a number of
fractions. Effects on the yield of transformants, however, are more complex.
It has been reported that for low-LET radiations, splitting or fractionating
the dose or reducing the dose rate can either enhance (Bo74, Ha81, Li79)
or decrcase (Hi84) the transformation frequencies in a variety of in vitro
transformation models. More recent studies suggest that the proliferative
status of the cells may account for some of the observed variation (Lu85).
Using C3H10T1/2 cells, Hill ct al. (Hi85) have compared dose-response
transformation curves for gamma rays and for fission spectrum neutrons
delivered in both a single exposure or in multiple small fractions. Although
fractionation was observed to result in a sparing effect on transformation
by gamma rays, it increased the rate of transformation by fission spectrum
neutrons (Ha79, Hi85). Since enhanced transformation was observed after
exposure to multiple low doses or a continuous low dose rate, compared
to high-dose-rate fission spectrum neutrons, the relative biological effec-
tiveness (RBE) of neutrons relative to that of gamma rays was larger at
low-dose rates than at high-dose rates. As outlined in chapter 1, these
observations have important practical implications for the selection of an
appropriate RBE for neutrons.

Linear Energy Transfer (LET)

Comparisons of various high- and low-LET ionizing radiations for
their abilitics to induce oncogenic transformation in several cell systems
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have been reported. In general, high-LET radiations are far more cytotoxic
and oncogenic than iow-LET radiations such. as x rays or gamma rays,
Furthermore, the RBE for oncogenic transformation and cytotoxicity in-
creases with increasing LET of the radiation. Hence, if the transformation
frequencies for each type of high-LET particle are plotted against the cor-
responding survival values, the curves obtained cannot b superimposed.
This suggests that there is a real difference in the RBE betveen cell killing
and transformation (He88, Ya85) and also indicates that there is a signifi-
cant frequency of transformation at doses of high-LET radiations that have
very little effect on cell survival.

Figure 3-2 (Ha87a) shows survival and transformation data for gamma
rays and high-LET helium-3 ions. The cell survival curve for gamma rays
has a broad initial shoulder, while that for helium-3 ions i: an exponential
function of dose. For high-LET particles, the transform ition frequency
peaks at a much lower dose than for gamma rays and reacnes a value that
is higher by a factor of about 5 than is the case for gamma rays (Ha87a).

Neutrons are also highly effective at inducing transformation. Figure
3-3 shows the variation of RBE with neutron energy over a wide range,
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FIGURE 3-2 Cell survival curves and dose response relationships for onocogenic trans-
formation for C3H10T1/2 cells irradiated with either gamma rays or h 1h-LET helium-3
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neutron cnergy and C3H10T1/2 cells irradiated with monoenergetic neutrons (Mi87).

which is similar to that received by individuals during the bombing of
Hiroshima (Mi87). Energies of about 350 kiloelectron volts (keV) arc most
cffective for both cell lethality and transformation. There is evidence that
the effectiveness of neutrons increases with a decrease in the dose rate. As
a consequence of this, RBE values are higher for a fractionated or a low-
dose-rate exposure, than for a single, bricf exposure, as mentioned above.

It has been suggested that the misrepair of sublethal radiation damage in -

fission neutron-irradiated cells may account for the increased RBE values
(Hi85s).

Alpha Particles

-

The transforming ability of alpha particles also has been studied ex-
tensively with in vitro transformation systems. Robertson et al. (Ro83)
showed that the RBE for transformation by plutonium-238 alpha parti-
cles in Balb/3T3 cells was substantially higher than that for cell Icthality.
It was also demonstrated that potentially lethal damage was repaired in
x-irradiated 3T3 cells and was not repaired in alpha-particle irradiated
cells, resulting in a high RBE value for oncogenic transformation in alpha-
irradiated plateau-phase cultures.

Similar findings have also been reported by Hall and Hei who used
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the C3H10T1/2 cell system (Ha85). At equivalent dosc;, alpha particles
were substantially more cytotoxic than gamma rays and were more efficient

+ in inducing oncogenic transformation. The calculated RBE value for alpha

particles ranged from 2.3 to 9 over the range of doses studied, with the
highest RBE value at the lowest dose. Recent results have suggested the
absence of a dose-rate eflect with alpha particles (Hi87).

Previous studies by Lloyd et al. (L179) showed that at a dose corre-
sponding to a surviving fraction of 37%, about 14 partiiles traversed the
nucleus for each cell killed. The fact that on the avc-age 13 particles
may traverse a cell nucleus without killing the cell may explain the high
eflicicncy with which high-LET particles induce transformed loci.

Agents That Modify Radiation Transformation

Many different classes of agents have been shown to modify radiation-
induced transformation in vitro (Ke84a). The tumor promoting agent 12-O-
tetradecanoyl phorbol acetate (TPA) has been studied in many laboratories
for its ability to enhance radiation-induced transformation. It is of particular
interest that promoting agents such as TPA can change the shape of the
dose-response curve for radiation-induced transformation, making it linear
(Figure 3-4) (Ke78). This alteration of the dose-response relationship also
occurs in promotion by TPA of radiation carcinogenesis in vivo (Figure 3-
5) (Fr84). While promotion can greatly enhance radiation transformation,
other agents can suppress radiation transformation or the enhancement
by TPA (Ke88). An example of the suppressive effect of the protease
inhibitor antipain on radiation transformation and the TPA enhancement
of radiation transformatxon is shown in Figure 3-6, Other examples of
agents which suppress radiation transformation are seleaium (Figure 3-
7), which is thought to exert iis inhibitory action by inducing glutathione
peroxidases, and S-aminobenzamide, which is an inhibitor of poly-ADP-
ribose synthetase,

The frequency of transformation resulting from a given dose of ra-
diation can also be modulated by the level of thyroid hormone in the
serum. With high levels of T3 hormone (corresponding to hyperthyroid
oondmons) the iransformation incidence resulting from 3 Gray of x rays
is increased, while with low levels of T3 hormone, (corr::sponding to hy-
pothyroid conditions), the transformation incidence is not letectabie above
the spontaneous level. The suppressing effects of some of these agents are
illustrated in Figure 3-7 (Ha87a).

GENETICS OF CANCER

As noted above, much evidence supports the concept that mutation is
involved in the etiology of cancer. Recent research has identified critical
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genes that are thought to be the sites of oncogenic somatic mutations. Over

the past decade, research on the mechanisms of carcinogencsis has focused
on such genes, of which two broad classes are now known to exist: (1)
protooncogenes and (2) tumor-suppressor genes, or antioncogenes (Kn85).

Protooncogenes

Protooncogenes, which may give rise to oncogenes, seem to be im-
portant in the origin of at least some forms of human cancer. The list
of such genes has grown apace with new means for identifying them. Al-
terations of the ras- protooncogene have now been observed in several
different types of radiation-induced tumors, including murine lymphomas
(Gu84a,b), plutonium-induced malignancies (Fr86b), and radiation-induced
rat skin tumors (Sa87, Ga88, Ga86). Radiation has aiso been shown to acti-
vate other oncogenes presumed to be involved in carcinogenesis, including
c-myc (Sa87, Ga86, Ga88) and oncogenes that are not members of the ras
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gene family but which cause transformation in the NIH 3
tion assay system (Bo87, Ja88). The. activation of myc hasq‘ge‘;elzlsgg?::eg
occur by amplification, translocation, and internal rearrangements
Allhough there is evideice for some specificity in the pattern .of onco-
gene altera.uons that is produced by a given carcinogen, it is still not possible
:)un mt(l)le t‘)l::srs .of an oncogene “signature” to determine the cause of a given
ume l:(,)ge:t is, whether the tumor was caused by radiation or some other
The stage at which a given oncogene is acti i i i
process also remains to be detcrminccﬁ While inlzzﬁg il:s:z:l:czsar:::lt]i?lifi?)ﬁ
may occur as a late step in carcinogenesis (Su83, Su84 Ru84), evidence
implies that in other instances it may occur early (Ba87 ]’3a87bL ’It is not
worthy that protooncogene loci are involved in the sp’eciﬁc cl’lfomosomei
chgng-es tpat are associated with certain types of cancer (Ha87a R084;
This implics that such aiterations of protooncogene structure or ,functiox;
];():lag' w'; c:usal role ;n the occurrence of those types of cancer. It is not
, however, whether t 1 in igi
o neoplasm; Lison F}};el ;hanges are early or late events in the origin
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L
Some oncogene alterations clearly represent steps in tumor progres-
{il sion. An example is the amplification of the myc family of cncogenes in
%i(| neuroblastomas and in small-cell carcinomas of the lung (Br84, Na86).
§ii This amplification is often cytogenetically evident in the form of double
%! minute chromosomes consisting of repeated chromosomal picces, includ-
fii ing the oncogene in question. In these instances amplification signifies an

l advanced stage of disease and carries a poor prognosis.
| A role for oncogenes in the earliest stage of oncogenic transformation
i could be better supported if individuals who carried such -nutations in

their germ lines were found. This has rot been found as ye in humans,
but susceptible mice have been produced experimentally by t ansgenically
introducing an activated oncogene into the germ line. Mice with a strong
predisposition for the development of lymphoma or mammary cancer have
resulted from the introduction of a c-myc gene, fused with an immunoglob-
ulin enhancer, or with the strong long terminal repeat (LTR) promoter
of the mammary tumor virus, respectively (Ad85, St84). The tumors are
clonally distinct, however, indicating that at least one somatic event oc-
curred subsequently in their development. This finding parallels results of
in vitro experiments showing a requirement for the activation of at least
two different oncogenes in the transformation of normal rat embryo cells

(La83a,b).

Tumor-Suppressor Genes (Antioncogenes)

. The second class of cancer gencs that has been identific.: was discov-
- ered through studies of individuals with inherited predispositions for spe-.
cific cancers. For many cancers including carcinomas of colon, breast, lung,
stomach, ovary, uterus, kidney and bladder, glioma, melanoma, leukemias,
and lymphomas there is a subgroup of persons at higher thai normal risk
by virtue of the fact that they have inherited a specific mutation. This type
of predisposition is transmitted in a Mendelian dominant fashion, although
_ the different underlying mutations vary in their penetrances. ‘Well-known
examples of such predisposing conditions are familial polyposis coli (chro-
mosome 5, Wilms’ tumor (chromosome 11), and the hereditary form of
retinoblastoma (chromosome 13). The latter tumor has been the prototype
in research on this group of genes (Kn85).

About 40% of the individuals with retinoblastoma carry germ-line
mutations that predispose them to the disease. The offs;ring of such
persons have a 50% risk of developing the tumor. Abou 30% of the
individuals with retinoblastoma have bilateral disease; all of the latter
carry the germ-line mutation. A small fraction of cases (. -5%) bear a
constitutional deletion in chromosome 13, a finding that has (acilitated the
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search for the responsible gene. Genetic linkage studies have shown that
the heritable cases without a deletion involve a mutation at the same site.

Although carriers of the mutation develop a mean of three to four
tumors, the inherited mutation alone is not sufficient for the production of
the cancer; another cvent is necessary. The second event that is necessary
is the loss or mutation of the normal allele on the other chromosome 13 by
nondisjunction, deletion, genetic recombination, or local mutation (Ca82,
Kn85). The result in all cases is the same: the tumor cell contains no
normal copy of the retinoblastoma gene. Hence, although inheritance of
the predisposition is dominant, oncogenesis at the cellular level is reces-
sive. Therefore, the normal allele can be viewed as protective, thus, the
designation tumor-suppressor gene, or antioncogene.

Paticnts with retinoblastoma have a high risk of developing osteosar-
coma of the orbit following radiation therapy. They also have a lesser
predisposition to ostcosarcoma in the absence of irradiation. In either
case, the genetic change in the tumor cells is the loss of the two normal al-
leles of the retinoblastoma gene; thus, this gene is a tumor-suppressor gene
for ostcosarcoma (Ha85) as well as for retinoblastoma. The probability of
mutation or loss of the normal gene in persons born with one mutant gene
in the germ linc is apparently increased by radiation, as would be expected.

The retinoblastoma gene has recently been cloned, an accomplishment
that will greatly facilitate investigation of the relevant oncogenic mechanism,
the identification of those at risk, and the study of the physiology of the
gene in normal development (Fr86a, Fu87b, Le87a, Le87b). It has already
been shown that the messenger RNA (mRNA) of the gene is absent or
defective in virtually every case of retinoblastoma, whether it was inherited
or not. In the nonhereditary cases, the two normal genes are lost or
mutated as the result of two somatic events, the second events being of
the same kinds as those observed in heritable cases (see above). The only
difference between the two forms of tumor is that the first event is present
in the germ line in one form and occurs after conception in the other.

The idea that recessive genes may suppress the oncogenic process is
not new. Previous experiments with somatic cell hybrids have shown that
the neoplastic character of most tumor cells can be suppressed by fusing
the cells with normal cell partners (St76). On the other hand, it is clear
that oncogenes are frequently abnormal in structure and/or function in
many tumors. It is probable, therefore, that protooncogenes and tumor-
Suppressor gencs are both important in carcinogenesis. Whether either or
both are necessary in every case of cancer remains to be determined.

Recessive Breakage and Repair Disorders

These disorders, which include xeroderma pigmentosum, ataxia telang-
jectasia, Fanconi’s anemia, and Bloom’s syndrome, are recessively inherited
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© conditions that predispose the chromosomes of an individual to breakage

and/or defective repair of DNA damage (Han86). They do not involve
cancer genes of the types discussed above but can be viewed as conditions
that increase the probability of a cancer-producing mutation.

Thus, in xeroderma pigmentosum a defect in excision repair permits
an increased rate of mutations at all genetic loci in cells exposed to sunlight,
Ataxia telangiectasia predisposes the chromosome to breakage, especially in
lymphocytes; the underlying molecular defect is not known, but it is thought
to involve a defect in DNA repair. Patients with the syndrome are especially
predisposed to lymphoid neoplasia, and their cells are highly sensitive to
ionizing radiation. Chromosome breakage and rearrangement are regular
features of Fanconi’s anemia, which predisposes an individual to acute
myelomonocytic leukemia; the underlying molecular defect for this is not
known. Finally, Bloom’s syndrome is associated with high rates of mutation
and of sister chromatid, and even homologous chromosome, exchanges.
The molecular defect apparently involves a ligase that is important in
the repair of DNA damage (Ch87, Wi87). The syndrome predisposes an
individual to several kinds of neoplasia, perhaps by facilitating mutation,
somatic recombination, and the expression of recessive oncogenes.

Genetic Polymorphism for Metabolism of Carcinogens

In contrast to the aforementioned DNA repair disorders, in which the
response to an environmental agent is altered, there arc cases in whic.h
the response may be normal but the amount of radiant energy imparted is
increased. Thus, albinos are sensitive to ultraviolet light because they absorb
more of it, not because they have a defective DNA repair mechanism.
Such a genetic predisposition is also known for many chemical carcinogens
(Ca82, Ko82, Ay84, Go86). Hence, to the extent that the eflects pf
a given chemical may promote the carcinogenic effects of radiation, traits
affecting the metabolism of the chemical may alter susceptibility to radiation

carcinogenesis.

Hereditary Fragile Sites

Another kind of inherited mutation that may predispo ¢ an individual
to cancer is the hereditarily fragile genctic site. About 18 such sites are
known. Fragility for a specific site can be elicited in vitro, and the fragility
is transmitted in a Mendelian dominant fashion (He84). Although several
of the sites have been found to be situated at or near breal. points that are
known to be involved in various cancer-associated translocations (Le84),
cancer does not appear to be common in families with such abnormalities.
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The importance of these mutations in carcinogenesis thus remains to be
determined.

EFFECTS OF AGE, SEX, SMOKING, AND OTHER SUSCEPTIBILITY
FACTORS

As discussed in the preceding scction, the carcinogenic process includes
the successive stages of initiation and promotion. The latter phase, pro-
motion, appears to be particularly susceptible to modulation, with cigarette
smoking being a conspicuous example of a modulating factor. Susceptibility
to the carcinogenic effects of radiation can thus be affected by a number
of factors, such as genetic constitution, sex, age at initiation, physiological
state, smoking habits, drugs, and various other physical and chemical agents
(UNB82). The mechanisms through which these factors influence suscepti-
bility are, however, not well understood. Moreover, they depend on the
particular type of cancer, the tissue at risk, and the specific modifying
factor under consideration. Therefore, the Committee elected to discuss
the factors affecting carcinogenesis at specific organ sites in Chapters 4 and
5. '

Some general conclusions can be drawn from the observations reported
in Chapter 4. Cancer rates are highly age dependent and, in general,
increase rapidly in old age. The expression of radiogenic cancers varies
with age in a similar way, so that the age-dependent increase in the excess
risk of radiogenic cancer is conveniently expressed in terms of relative risk;
that is, the increased risk tends to be proportional to the baseline risk
in the same age interval. In some cases, however, such as breast cancer,
the change in the baseline cancer rate with age is more complicated and
possibly related to variations in hormonal status with age. Suséeplibility to
radiation-induced breast cancer may be similarly complicated, as outlined
in Chapter S, and there is some indication that protective factors for breast
cancer in nonirradiated women, such as early age at the birth of the first
child, may also be relevant for radiation-induced breast cancer. .

" The situation is less clear for the risk factors for lung cancer. The
BEIR 1V Committce found that smoking and prolonged exposure to in-
haled alpha-particle emitters interacted in a multiplicative fashion, or nearly
50, with the result that the increased risk of radiogenic lung cancer in those
of a giver smoking status was proportional to the baseline .risk for the
sarne smoking status (NRC88); however, this may not be the case for acute
€xposures to x rays and gamma rays. It is commonly believed that the data
on lung cancer and smoking among the atomic-bomb survivors support
an additive risk model, in which there is no interaction between radiation
and tobacco use. Nevertheless, the BEIR IV Committee’s analyses of these
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data indicated that the pattern of observed risk is also compatible with
a multiplicative interaction. Currently, available data are ambiguous, as

; _ indicated in Chapter 5, and further studics are reeded to explore the role

of cigarette smoking as a risk factor for radiation-induced cancer.

For lung cancer and most other non-sex-specific solid cancers, it is
unclear how a person’s sex affects the risk of radiogenic cancer. In general,
bascline rates for such cancers in males exceed those in females, possibly
because of increased exposure to carcinogens and promoters in cccupa-
tional activities and life-style factors, such as increased smo :ing and use of
alcohol. While sex specific excess rates of cancer can gencrally be modeled
adequately as being proportional to the corresponding sex-specific baseline
rates, in many cascs an additive excess risk model fits the data equaily well;
that is, the number of radiation-induced cancers per unit dose is nearly
the same in both sexes. This means that the relative-risk coefficient for
females compared with that for males is, to a good approximation, inversely
proportional to the ratio of the sex-specific baseline rates (NRC88). For
this reason, as outlined in Chapter 4 and in Annex 4D, the Committee
tested a number of risk modg¢is that include sex as a modifying factor for
the risk of radiogenic cancer.
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4
Risks of Cancer—All Sites

INTRODUCTION

This report seeks to present the best description that can be provided
at this time of the risk of cancer resulting from a specified dose of ionizing
radiation. However, this description is bound to be inexact since the etiology
of radiation-induced cancer is complex and incompletely understood. The
risk depends on the particular kind of cancer; on the age and sex of the
person exposed; on the magnitude of the dose to a particular organ; on the
quality of the radiation; on the naturc of the exposure, whether brief or
chronic; on the presence of factors such as exposure to other carcinogens
and promotors that may interact with the radiation; and on individual
characteristics that cannot be specified but which may help to cxplain why
some persons do and others do not develop cancers when similarly exposed.

Although scientists understand some of the intra-cellular prcesses that
are initiated or stimulated by radiation and which may eventus'ly result in
a cancer, the level of understanding is insufficient at present to cnable
prediction of the exact outcome in irradiated cells. Estimates of the risk
of cancer, therefore, must rely largely on observations of the numbers of
cancers of different kinds that arise in irradiated groups. Since nearly 20%
of all deaths in the United States result from cancer, the estimated number
of cancers attributable to low-level radiation is only a small fraction of
the total number that occur. Furthermore, the cancers that result from
radiation have no special features by which they can be distinguished from
those produced by other causes. Thus the probability that cancer will
result from a small dose can be estimated only by extrapolation from.the
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increased rates of cancer that have been observed after larger doses, based
on assumptions about the dose-incidence relationship at low doses.

In this report it is estimated that if 100,000 persons of all ages received
a whole body dose of 0.1 Gy (10 rad) of gamma radiation in a single
brief exposure, about 800 extra cancer deaths would be expected to occur
during their remaining lifetimes in addition to the nearly 20,000 cancer
deaths that would occur in the absence of the radiation. Because the
extra cancer deaths would be indistinguishable from those that occurred
naturally, cven to obtain a measure of how many extra deaths occurred is a
difficult statistical estimation problem. Like all such problems, the answers
obtained arc subject to statistical errors which can be exacerbated by a
limited sample size. The largest serics of humans exposed to radiation for
whom cstimates of individual doscs are available consists of the populations
of Hiroshima and Nagasaki who were exposed to atomic bomb detonations
in 1945, There were 75,991 A-bomb survivors in the two cities for whom
dose estimates are available and who have been traced through 1985 to learn
the health effects of exposure (Sh87). But 34,272 of those survivors were
so far from the hypocenters that their radiation doses were negligible—
less than 0.005 Gy (0.5 rad)—and thus they serve as a comparison, or
“control” group, lcaving 41,719 whose doses are estimated at 0.005 Gy
or more. Of these, 3,435 died from some form of cancer between 1950
and 1985. This cohort is not only the largest available, but it has been
followed through 1985, that is, for forty years after irradiation, and is the
most important source of data for analysis in this report. Even so, there
are large statistical uncertainties as to the number of cancer deaths that
were induced by radiation and (relatively) even larger uncertainties in the
number of radiation-related cancers of particular kinds. The Committee
has taken spccial care to quantify these uncertainties to the extent possible.
Nevertheless, the limitations of the data bases on which the Committee’s
risk estimates arc based have conditioned the kinds of estimates that can
be developed. -

Heretofore, cancer risk estimates for low-LET 7z4iations have been
made by BEIR committees on the basis of consisiii” additive risk and
constant relative risk models (NRC80), an approach followed also by UN-
SCEAR in its latest report (UN88). That is, after a minimum latent period,
risks were assumed to be relatively independent of time after exposure. The
continued follow up of the A-bomb survivors and persons in the-ankylosing
spondylitis study indicates that temporal variations in risk are too important
to be ignored, Consequently, it is necessary to model, not only how the risk
increases with dose, but also how it varies as a function of time for persons
exposed at various ages. This puts a hedvy burden on available data. _

Only the A-bomb survivor cohort contains persons of all ages at
exposurc, Those survivors who were young when exposed are just now
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entering the age range at which cancer becomes an appreciable cause of
death in the general population. Consequently, the numbe- of excess cancer
deaths that have occurred among them to date is small, and estimates of
how the radiation-induced excess changes over time for hose. expc_)seq as
children introduce a large uncertainty into any attempt to pro;ect. lifetime
risks for the population as a whole. Moreover, the estimated n-sk is largest
for this age group, so that final results are sensitive to ll}c way in which the
risk from childhood exposures is accounted for in the risk model.

Although the number of cxcess cases has increased as cxposed groups
have been followed for longer periods, the data are not strong when
stratified into different dose, age, and time categories. Even though modern
statistical methodologies facilitatc the analysis of highly stratified data,
the fact remains that the number of cases in a given dose, age, and
time interval is small and often zero. In situations such as this, one
cannot differentiate between various competing risk models because.of
large statistical uncertainties. This problem is particularly acute when using
models which take into account time dependence, age at« xposure, Flc.-and
applying them to cancers at a specific site. !Secapse of' these limitations,
it was not possible for the committee to provide risk e§llmatcs for cancers
at all of the specific sites of interest. Rather, attefmon was focused on
estimating the risk for leukemia, breast cancer, thyroid cancer, and cancers
of the respiratory and digestive systems, where the numbers of €xcess cases
are substantial. To obtain an estimate of the total risk of mortality from all
cancers, the committee also modeled cancers other than those listed above
as a group.

While this approach limits the application of t.hcsc. results for calcExlat-
ing the probability of causation of cancers at specific sites, the Commltte‘e
judges it is preferable to aggregating data over age and time on the basis
of simple risk models that do not adequately reflect l!ze obscr}rauona_l da.ta.
In this respect, the report differs from that of the United Nations Scnenl.lﬁc
Committee on the Effects of Radiation (UN88), which presented two !lfe-
time risk estimates from fatal cancer at each of 10 individuai organ sites,
one estimate based on a simple additive risk model and the other based on
a simple multiplicative risk model.

MODEL FITTING

Methods

The Committee’s estimates of cancer risks rely most heavily on 'dala
from the Life Span Study (LSS) of the Japanese atomic bomb survivors
at Hiroshima and Nagasaki, although other studies also were used for
estimation of incidence or mortality risks for specific sites. The cohorts
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TABLE 4-1  Major Characteristics of the Data Sets Used for Model
Fitting :

Incidence  Cancer Total  Total
Study Population Reference or Monality - Sites Cases  Person Years
Atomic bomb survivars - ShR7 Mortality All 5936 2,185.335
ToK7 Incidence Breast 76 940,00}
Ankylosing spondylitis
patients - Dak7 Mortatity Leukemia 36 104,000
All except
leukemia and
colon 563 104,000
Canadian fluvrowopy )
patients Mix9 Mortality Breast 482 867.541
Mass, fluoroscopy Hrsy Mortality Breast 74 - 30,932
N.Y. postpartum mastitis - Sh&6 Incidence Breast 115 45,000
Isracl tinea capitis RoR4 Incidence  Thyroid 55 712,000
Rochester thymus Shys

Incidence Thyroid 28 138,000

from which these various data sets derive are described in Annex 4A to
this chapter. Table 4-1 provides a summary of the various data sets that
the committee used in developing its risk estimates. All of the data sets
were provided in grouped form, consisting of the numbers of cases at each
cancer site, the number of person-years, and mean dose. These data were
stratified by sex and time-related variables, e.g,, age at exposure.

The Japanese LSS data consisted of 8714 records, stratified by sex,
city, ten exposure groups (based on the kerma at a survivors’ location
using DS86), and five-year intervals of attained age, age at exposure,
and time since exposure. Most analyses used a reduced data set of 3399
records obtained by collapsing over attained age. As outlined in Arinex 4B,
where the new dosimetry system (DS86) for A-bomb survivors is discussed,
survivors exposures are stratified into ten groups and organ doses calculated
by multiplying the neutron and gamma kermas for each stratum by city-
specific and age-specific body transmission factors.

As the cstimate of the neutron component under DS86 is quite smail -

and not very diffcrent between the two cities, there is virtually no prospect
for estimating the RBE for neutrons from the available data. The commit-
tee’s analyses are bascd on an assumed RBE of 20. This is a comparatively
~large value for high dose rate neutrons relative to high dose and dose

rate gamma ray exposures, but is necessarily prudent in view of the de-
graded neutron spectrum at the survivors locations (see Annex 4B) and the
potential low bias in the DS86 estimates of neutron kerma (Ro87). The
a‘n‘alysis of the sensitivity of the results to this assumption in- Annex 4D

.
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shows that the estimated risks for A-bomb survivors change insignificantly
for a neutron RBE of 10 vis 2 vis 20,

Under DS86, the dose response exhibited by A-bomb survivors levels
off at high exposure levels. Therefore, to avoid errors in dose estimation
at high doses, the records with organ dose equivalents greater than 4 Sv
(based on RBE = 20) were eliminated from all analyses. The effect of
excluding the observations at dose equivalents greater than 4 Sv is discussed
in Annex 4D. Records of cancer mortality at attained ages greater than
75 years were omitted because of the lesser reliability ot death certificate
information in such cases, as outlined in Annex 4F Exce it for breast and
thyroid cancers, the committee did not find cancer from tumor registries
of sufficient quality to justify model fitting and estimating the incidence of
radiogenic cancer. However, the effects of radiation on cancer incidence
can be estimated from mortality data (Ho89).

Mortality among A-bomb survivors due to leukemia, cancer of the
respiratory tract, cancer of the digestive tract, breast cancer, and as a group,
all “other” cancers was analyzed in detail for the lifetim. risk projections
described below. In making this selection, the commitice fitted models
for ten sites or groups of sites, with the number of cancer deaths ranging
from 2034 to 34. Clearly the larger groups produced more stable estimates
of the model parameters. In developing estimates of lifctime risks, it was
necessary for the Committee to weigh the consequences of model mis-
specification in using a single model for all non-leukem a cancers (since
some of the sites clearly behaved quite differently across time) against the
larger random errors if each of the subsite models were used. If one were
not extrapolating in time, these two options would probably give quite
similar answers, since larger relative variability of the estimates for the
rarer sites would be offset by their lower overall risks. However, it was
noticed that the lifetime risk estimates for some sites which had strong
time-related modifiers seemed to be unreasonably large, and the reason
was - inferred to be the instability of the model in regions where the data

- were too sparse. Faced with this trade-off between precision and possible

bias, the Committee opted for a compromise, treating only cancers of the

_respiratory tract, breast, digestive tract, and thyroid scparatcely.

The only other cohort study that provided data on all cancers was the
ankylosing spondylitis series (ASS). Its data set was similarly structured,
with two important differences. First, no dose information at the level of
the individual was available, so the cohort was fitted as a single exposed
group and risk coefficients were derived by dividing the excess estimates
by the estimated mean dose, e.g., 1.92 Gy for whole body, 3.83 for bone
marrow (Le88). Second, since there were no unexposed comparison sub-
jects, national rates were used to derive an expected number of events in
each cell of the cross tabulation. A total of 250 strata by scx and 2 1/2 year
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intervals of age at exposure and time after exposure were used in these
analyses. Because the numbers of cases of cancer were relatively small, and
because the risk of colon cancer may be related to ankylosing spondylitis
itself, analyses were restricted to leukemia and, as a group, all other cancers
except colon cancer.

Statistical Methods

The program AMFIT, described in Annex 4C, was used to fit various
cxposure-time-response models to these data sets. This program fits a
general form of “Poisson regression” modcl, in which the observed number
of events in cach cell of the cross-tabulation is treated as a Poisson variate

with parameters given by the predicied number of events under the model, -

the product of the person-years in that cell times the fitted rate. The specific
models used can be formally expressed as follows. Let o denote the age-
specific background risk of death duc to a specific cancer for an individual
at a given age. This background risk will also depend upon the individual’s
sex and birth cohort (that is year of birth). For a given radiation dose
equivalent d in sicvert (Sv) we write the individual’s age-specific cancer risk

7(d) as

7(d) = yo[1 + f(d)g(B)). (4-1)

_bet [ (d) represent a function of the dose d which in the committee’s models
is always a linear or linear-quadratic function, ie., f(d) = ayd or f(d) =
aod + ad?. In general, the excess risk function, 8(8) will depend upon a
n.umbcr of parameters, for example, sex, attained age, age-at-exposure, and
time-since-exposure. One can also write the age-specific risk as an additive
risk model

7(d) = 70 + f(d)g(B). (4-2)

Thcs§ models .give similar results (see Annex 4D) as expected since the
function g(p) is allowed to depend on age, time, etc. This would not be

the case if g(B) were restricted to having a constant value other than for

scx and age at exposure,

The models were fitted using maximum likelihood, i.e., the values of
the unknown parameters which maximize the probability of the observed
number of cases (the “likelihood function”) are taken as the best estimates
and, wherc applicable, confidence limits and significance tests are derived’
from standard large-sample statistical theory.

‘.It was expecied that the form of the background term might vary
considerably between populztions at risk and is not of particular interest in
terms of radiation risk. The committee chose not to model it, but rather
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to estimate the baseline rate nonparametrically by allowing for a large
number of multiplicative rate parameters 35 is often done when fitting

‘ * hazard models to ungrouped data (Co72, Ka80). Annex 4D provides some

comparisons of the results with parametric and stratificd background rates.
Parametric models for breast cancer are described in Annex 4E.

To summarize, each model considered can be described in terms of the
“point” estimates of the various parameters, their respective standard errors
and significance tests, and an overall “deviance” for the model as a whole
(sce Annex'4D). Because of the extreme sparseness of the data, comparison
of deviance to its degrees of freedom should not be used as a test of fit
of the model. However, differences in deviance between nested alternative
models (pairs of models for which all terms in one model are included in the
other) have an asymptotic chi squared distribution with degrees of freedom
equal to the difference in the degrees of freedom between the models being
compared. Therefore, this test can be used tc assess th: improvement in
fit as a result of adding terms to the dose response funct.on. This test was
used repeatedly by the committee to minimize potential over-specification
of the risk models. Annex 4D provides some comparisons of the many
alternative models that were considered.

Approximate confidence limits on parameter estimates can be con-
structed in the usual way by adding and subtracting the standard error
times 1.65 (for 90% confidence) or 1.96 (for 95% confidence). However, in
cases where the committee had reason to believe that the use of a normal
distribution to estimate confidence limits is not valid, it reports “likelihood
based” limits found by iteratively searching for the parameter values which
led to a corresponding increase in the deviance (Co74).

The Committee’s Preferred Risk Models

The committee’s models for each site are discussec in the respective
sections on site specific cancers in Chapter 5. Only a t -ief summary and
the equations for dose response are presented here.

Leukemia (ICD 204-207): The final model for leukcmia is a relative
risk model with terms for dose, dose squared, age at exposure, time after
exposure, and interaction effects. A minimum latency of 2 years is assumed.
There is a distinct difference between the risks exhibited by individuals
exposed before age 20 and those exposed later in life. Within these two
groups, there does not appear to be any effect of age at exposure but simply..
a different time pattern within each group. A simple step function with two
steps fit both groups rather well. As indicated in Chapter 5, splines can be
used to smooth these transitions when desired {e.g., in the calculation of

probability of causation).
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The lcukemia model mathematically is as follows (see the general
cquation 4.1):

fld) = aad + azd?

o) = jexp[ByI(T < 15) + B21(15 < T < 25)] if E < 20 (4-3)
Nexp[BaI(T < 25) + BaI(25 < T < 30)] if E > 20,

where lh(': indicator function I(T < 15) is defined as 1if T < 15and Qif T

> 15, T is years after exposure, and E is age at exposure. The estimated

parameter values and their standard errors, in parentheses, are:

g = 0.243(0.201), a3 = 0.271(0.314),
Ay = 4.885(1.349), A, = 2.380(1.311), 85 = 2.367(1.121),
By = 1.638(1.321).

The standard crrors for the dosc effect coeflicients were estimated by
means of the likelihood method mentioned above and are both imprecise
and highly skewed (sce Annex 4F). The Monte Carlo analysis of the
slati;,;ical uncertainty in the risk estimates for leukemia, described below in
the section on uncertainty in point estimates, provides a better measure of
the precision. '

Cancers other than leukemia: In fitting the data for cancers other than
breast cancer and lcukemia, a 10-year minimum latency was assumed; this
was done simply by excluding all the observations (cases and person-years)
less than 10 years after exposure. As for leukemia, similar fits could be
obla!nc'd with either additive or relative risk models, I>but with different
n.mdlfymg effects (see Annex 4D). As was the case for/leukemia, relative
risk models were more parsimonious or required weaker modifiers. '

The committee subdivided solid tumors into caticers of the respiratory
tract, breast, digestive tract, and other sites as described in the 8th revision
of the International Classification of Diseases (ICD) (ICD67).

] Respiratory cancer (ICD 160-163): The committee’s preferred model
is as follows:

f(d) = ard o
| 9(B) = exp[B,In(T'/20) + B,1(S)),
where T = years after exposure and I(S) = 1 if female, 0 if male with
a; = 0.636(0.291), §) = ~1.437(0.910), Bz = 0.711(0.610).

) L{nder the committee’s model, the relative risk for this site decreases
with time after exposure. The coefficient for time after exposure, —1.437,

(4-4)
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means that the relative risk will decrease by a factor of :bout 5 over the
period of 10 to 30 years post-exposure. The committce notes that few

* data arc available, as yet, on respiratory cancer among those exposed as

children. Finally, the relative risk is 2 times higher for females (owing to
their much lower baseline rates) than for males, althoi gh the observed
excess risks are similar.

The fit of a constant relative risk model to the data on respiratory
cancer is not statistically different from that for the committce’s preferred
model. When testing departures from a constant relativ: risk model, the
addition of a parameter for time after exposure resulted in the greatest
improvement in describing the data. This finding is consistent with the de-
creasing relative risk observed in the Ankylosing Spondylitis study (Da87)
which influenced the committee’s choice of parameters. While the inclu-
sion of a parameter for sex did not improve the model’s fit to the data
significantly, there was some improvement, and the co:nmittee felt that
it was appropriate to include a parameter for sex. Although it had been
used in other risk models for respiratory cancer, there was no improvement
whatever when a term for age-at-exposure was added to the regression
model. When in fact such a term was estimated, its value was sufficiently
close to zero as to have no influence on the estimated risk.

Breast cancer (ICD 174): The breast cancer models arc based on a
parallel analysis of several cohorts, The important modifying factors found
were age at exposure and time after exposure. The dependence of risk
on age at exposure is complex, doubtless being heavily influenced by the
woman's hormonal and reproductive status at that time. Lacking any data
on these biological variables, the committee found that the best fit was
obtained with the use of an indicator variable for age-at-cxposure less than
16, together with additional indicator or trend variables depending on the
data set. Both incidence and mortality models were devcloped. Although
these differ, the highest risks are scen in women under 15-20 years of
age at exposure. Risks are very low in women exposcd at ages greater
than 40. This suggests that risks decrease with age at exposure. Finally,
risks decrease with time after exposure in all age groups. These issues are
discussed in some detail in Annex 4E and the section on breast cancer, in
Chapter 5.

The model for breast cancer age specific mortality (female only) is

f(d) = a;d
8= {exp[,a1 + BoIn(T'/20) + Bln®(T/20)] if E < 15
760) = \explgain(T/20) + Boln*(T/20) + Pl - 19)] f E > 15,

where E is age at exposurc and T is ycars after exposure with ay =

(4-5)
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1.22000.610), gy = L.385(0.554), g2 = ~0.104 (0.804), 83 = —2.212 (1.376),
By = —=0.0628 (0.0321).

Digestive cancer (ICD 150-159): The most significant aspect of the
LSS data is the greatly increased risk (factor of 7) for those exposed
under the age of 30. Aithough the committee has no explanation for this
observation, the LSS data strongly support this effect. There is no evidence
of a significant change in the relative risk with time after exposure.,

The committee’s preferred model is:

f(d) = ald 4-6
o(8) = explBy 1(5) + 5] -5)
where I(S) cquals 1 for females and 0 for males and

0if E<25
op ={(E~25)if 25 < E < 35
108, if £ > 35

with E = age at exposure. The estimated parameter values are a; =
0.809(9.327), f) = 0.553(0.462), B, = -0.198(0.0628).
) Other cancers (ICD 140-209 less those listed above): This group of
miscellaneous cancers contributes significantly to the total radiation-induced
_cancer burden, Finer subdivision of the group did not, however, provide
Osuﬂicnent cascs for modeling individual substituent sites. When attempted
the n‘mdcls were quite unstable, resulting in risk estimates for which there:
was little confidence. The general group of “other cancers” was reasonably
fit by a simple model with only a negative linear effect by age-at-exposure
at ages greater than 10. There was no evidence of either an effect by sex
or by time after exposure,
The preferred model is

J(d) = md
9(B) = 1if E < 10 and exp [8y(E — 10)] if E > 10,

where E = age at exposure and o = 1.220(0.519), A1 = —0.0464(0.0234).

Nonleukemia: For risk estimation, the committee simply chose to
sum.the risks of the components of the nonleukemia cancer group (i.e.
respiratory cancer, digestive cancer, etc.). Alternatively, modeling the risk
for all nonleukemia cancers directly yielded models which are linear in
dosF vi/ilh additional variables for scx and time. These models provided
a significantly poorer fit than other reasonable models and also project
greater estimated risks (sce Annex 4D).

Analysis of the ankylosing spondylitis study (ASS) data for all cancers
other than leukemia and colon gave a somewhat different picturc. Here

(47)
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the fit was significantly improved by the addition of linear and quadratic
terms for time after exposure, so that the risk essentially decreases to zero

"after about 20 years post-exposure. Part of the difference between the LSS

and ASS data may be due to differences in the proportions of cancers of
different sites. The most common cancers in the ASS serics are lung cancer
and breast cancer, the frequency of which declined with time after exposure
in both data sets. On the other hand, cancers of the digestive system were
very common in the LSS and showed no variation with time after exposure.

RISK ASSESSMENT

Point Estimates of Lifetime Risk

Methods: The committee used standard lifetable methods as outlined
in Chapter 1. Vital Statistics of the United States 1980 was used as the
source of baseline data on cancer mortality (PHS84). The fitted risk models
described above were applied to a stationary population having United
States death rates for 1979-81 (NCHS85) and lifetime risks calculated for
the following patterns of exposure.

e Instantaneous exposure causing a dose equivalent to all body organs
of 0.1Sv (10 rad of low-LET radiation), varying the age at exposure by 10-
year intervals and taking the population-weighted average of the resulting
estimates, weighted by the probability of surviving to a sj xcified age in an
exposed stationary population.

o Continuous lifetime exposure causing a dose equivalent in all body
organs of 1 mSv (0.1 rad of low-LET radiaticn) per year.

o Continuous exposure from age 18 to age 65 causing a dose equiv-
alent to all body organs of 10 mSv (1 rad of low-LET radiation) per
year.

Application to low dose rates: Since the risk mocels were derived
primarily from data on acute exposures (a single instantancous exposure in
the case of the LSS data, or fractionated but still high dose rate exposures in
the case of most of the medical cxposures), the application of these models
to continuous low dose-rate exposures requires consideration of the dose
rate effectiveness factor (DREF), as discussed in Chapter 1. For lincar-
quadratic models, there is an implicit dose-rate effect, sice the quadratic
contribution vanishes at low doses and, presumably, low dose-rates leaving
only the linear term which is gencrally taken to reflect one-hit kinetics.
The magnitude of this reduction is expressed by the DREF values. For the
leukemia data, a linear extrapolation indicates that the lifetime risks per
unit bone marrow dose may be half as large for continuous low dose rate as
for instantaneous high dose rate exposures. For most other cancers in the
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TABLE 4-2 Excess Cancer Mortality Estimates and Their Statistical Uncertainty—Lifetime Risks per 100,000
Exposed Persons®

Male Female
Total Nonleukemia® Leukemia®  * Total Nonleukemia Leukemia
Single exposure to 0.1 Sv v
(10 rem) 770 : 661} 110 810 730 80
90% confidence limits” 540-1.240 420-1,040 50-280 630-1.160 550-1.020 30-1%
Normal expectation 20,510 - 19,750 760 16,150 15,540 610
% of normal 3.7 3.3 15 5 4.7 14
Total years of life lost 12,000 14,500
Average years of life lost per
excess death 16 18
Continuous lifetime exposure’
to I mSvly (0.1 rer'n/!) 520 450 70 600 540 60
9% confidence limits 410-980 320-830 20-260 500-930 430-800 20-200
Normal expectation 20,560 19,760 790 17,520 16,850 660
% of normal 2.5 2.3 8.9 34 3.2 8.6
Total years of lifc lost 8.100 10,500
Average years of life lost per
excess death 16 ) 18

Continuous exposure® 1o 0.0]
Svly (I remly) from age 18

until age 65 2,880 2,480 400 3,070 2,760 310
90% confidence limits” 2,150-5,460 1.670-4,560 130-1,160 2,510-4,580 2,120-4,190 110-910
Normal expectation 20,910 20,140 780 17.710 17,050 650
% of normal 14 12 52 17 16 48
Total years of life lost 42,200 51,600
Average years of life lost per

excess death 15 17

“Based on an equal dose to all organs and the committee's preferred risk models—estimates rounded to nearest 10.
bSum of respiratory, breast, digestive, and other cancers. °
¢ Estimates for leukemia contain an implicit dose rate reduction factor.
Additional sources of uncertainty are discussed in Annex 4F.
“ A dose rate reduction factor has not been applied to the risk estimates for solid cancers.

€Ll
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LSS, the quadratic contribution is nearly zero, and the estimated DREFs
are near unity. Nevertheless, the committee judged that some account
should be taken of dose rate effects and in Chapter 1 suggests a range of
dose rate reduction factors thai may be applicable. It must be emphasized,
however, that such reductions should be applied only to the non-leukemia
risks, as the leukemia risks already contain an implicit DREF owing to
the usc of the lincar-quadratic model. For this reason, the tables which
follow report excess risks for leukemia and all other cancers separately even
though the quadratic term for lecukemia is numerically negligible at 0.1 Sv.
Faced with a similar situation, the BEIR [1I Committee chose to estimate
a DREF from the lcukemia data and apply it to the nonleukemia data as
a fixed constant. After considerable discussion, this committee concluded
that it could not justify assuming the same dose-response model for all

cancer sites and, thercfore, fitted separate dose-response models, with no

DREE

The method of lifetime excess risk estimation used in this report
differs slightly from that used in BEIR III (NRC80) and UNSCEAR
(UN77,UNS88) reports. In this report, separate lifetime risks are estimated
for exposed and unexposed populations, and the excess risk is simply the
difference between the two lifetime risk estimates. Competing risks due
to other radiogenic cancers are included in the population decrement. In
the other reports, the differences in age-specific rates between exposed and
unexposed populations were multiplied by the survival probabilities for an
unexposed population and summed. Because an exposed population will
have smaller survival probabilities, the method used here produces lower
excess risk estimates, which more correctly reflect the difference in the
lifetime risk of cancer mortahty Vaeth and Pierce (Va89) have shown that
the ratio of the two cstimates is approximately the lifetime probability of
not dying of cancer, or in this case, about 0.8.

Results: Table 4-2 summarizes the estimates of lifetime risks for
leukemia and all other cancers resulting from two continuous exposure sit-
uations (lifetime and ages 18-65) and a population-weighted instantaneous
exposure to persons of all ages. These results were obtained using the com-
mittee’s preferred relative risk models for each site and a lifctable analysis
that accounts for all competing risks including those due to radiation-
induced cancer. Stratification of these results by age at exposure and by
cancer site, for the case of instantaneous exposure, is provided in Table

4-3. Results from alternative risk models are considered in Annex 4D to

this chapter.

Table 4-4 provides a comparison of the risk projections under the
preferred relative risk models from this report and the relative and absolute
risk modcls in the BEIR 111 report. Overall, the risk estimates in this report
are consistently higher than in the BEIR III report. This is due, in part,
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TABLE 4-3 Cancer Excess Mortality by Age at Exposure and Site for
100,000 Persons of Each Age Exposed to 0.1 Sv (10 rem)

MALES
‘Age at
Exposure  Total  Leukemia  Nonleukemian  Respiratory  Digestive  Other
5 1,276 111 1,165 17 L0l 787
15 1,144 19 1035 54 IO 612
25 921 36 88S 124 khY) 2
35 560 62 S04 243 Rt 233
45 X) 108 492 353 2 17
55 616 166 450 93 15 42
65 481 191 290 272 1 7
75 258 165 93 9 S -
85 110 96 14 17 — —_
Average” 70 110 660 190 170 300
FEMALES
Age at
Exposurc Total Lcukemia Nonleukemia Breast Respiratory  Digestive  Other
5 1532 75 1,457 129 48 655 625
IS 1,566 72 1,494 295 70 653 476
25 1178 2% 1,149 52 125 079 293
35 557 46 51 43 208 73 187
45 541 73 468 20 n T 100
55 508 117 348 6 273 64 45
65 : 386 146 240 — 172 52 16
5 227 127 (K} — 72 26 3
85 9% 73 17 — 15 4 -
Average 810 80 730 70 150 290 220
“ Averages are weighted for the age distribution in a stationary population having U.S.
mortality rates and have been rounded to the nearest 10, See also footnotes to Table 4-2,

9% confidence interval for these risk estimates are listed in Annex 41), Table 4D-4,

to this Committee’s use of a linear dose response model for cancers other
than lcukemia rather than a linear quadratic one with an implicit DREF of
nearly 2.5, as was the case in the BEIR III Committee’s report. However,
there are several other reasons for the differences between the two sets of
results. These include the new dosimetry for the LSS data (Annex 4B), the
additional years of follow-up, and the changes in the structure of the fitted
models. In their work on the comparison of T65D and DS86 risk estimates
using linear dose response models, Preston and Pierce (Pr88) concluded
that while the changes in leukemia risk estimates were largely attributable
10 changes in dose estimates, the other two factors were more important
for solid cancers; so that only 35-40% of the increasc in their risk estimates
was due to the use of the DS86 dose estimates. :
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TABLE 4-4  Comparison of Lifetime Excess Cancer Risk Estimates

from the BEIR 111 and BEIR V Reports
“ontinuous Lifetime
Exposure, | mGyly
(deaths per 1X0.0()

Instantaneous Exposure,
0.1 Gy (deaths per 100,000)

Males .~ Females Males Females
Leukemiu
BEIR HI" 15.9 12.1 274 18.6
BEIR V 0 6l 110 80
Ratio BEIR V'
BEIR 1 44 S0 4.0 4.3 .
Nondewuhennua
BEIR HI
Additive 1isk
model 2.0 @ $2.4 42.1 65.2
Relative risk
maodel 92.9 118.5 192 213
BEIR V 450 540 660 730
Ratio BEIR v/ ¥
BEIR 111 4.8-18.3 4.6-12.7 3.4-15.7 3.4-11.2

“Based on Table V-16. page 203, and Table V-19, page 206 (LO-L model for nonleukemia)
(NAS80).

The major differences between the two sets of estimates in Table 4-4
are for the BEIR I1I Committee’s additive risk models. It is the opinion
of this committee that the assumption of a constant additive excess risk is
no longer tenable in the face of the data now available and that the risk
estimates from this model provided in the BEIR IiI report are therefore too
low. The estimates presented in this report are als; higher than those based
on a simple additive risk model in the latest UNSCEAR report (UN83)
but are not quite as high as those based on the simple multiplicative risk
model in that report.

UNCERTAINTY IN POINT ESTIMATES OF LIFETIME RISK

The total uncertainty in the Committee’s risk models is discussed in
Anncx 4E In this section, the discussion is largely limited to the statistical
uncertainty in the risk estimates made with the Committee’s preferred
models. Lifetime risk projections are subject to three types of uncertainty.
The first is simply random error owing to sampling variation in the fitted
coefficients of the final models; this is thought to be the largest component
of uncertainty and is expressed in terms of confidence intervals on the

fitted model parameters and the estimated lifetime risks. Second, there is
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FIGURE 4-2 Excess leukemia fatalities per 10% person Sv (million person rem). Results of
1,000 Monte Carlo simulations and lifetable analyses of the excess mortality from leukemia

« following an acute total body dose of 0.1 Sv. The populations at risk are 100,000 males
and 100,000 females. The point cstimate for males is 111 excess deaths; for females, 82.
In 50 percent of the trials the excess mortality fcr males was between 60 and 135 deaths;
for females, between 55 and 115 deaths. . :
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uncertainty as 1o the correct form of the exposure-time-response model,
since the truc model could be misspecified in a number of ways. It is
more diflicult to assess this component of the uncertainty, but a sensc of
its importance can be obtained by considering the range of lifetime risks
resulting from alternative well-fitting modcls as discussed in Annex 4D and
4F. In addition, there are various potential biases in the data themselves;
while these cannot be quantified precisely, they are discussed in Annex 4F
along with the Committee’s judgment concerning their magnitude.

Since the lifetime risk is a complex function of the parameters of
the fitted modcls, it is not a simple matter to translate the standard
errors in risk coeflicicnts into uncertaintics in lifetime risk. This overall
uncertainty depends not just on the uncertainty in the coefficient of dose,
but also on the uncertainty in the cocflicients of the modifying factors
and their correlations. Furthermore, the distributions of the cstimates
of the cocflicients are often quite skewed, leading to skewness in the
resulting distribution of lifetime risks. For these reasons, the Committce
undertook an uncertainty analysis by means of Monte Carlo simulation.
In this approach, parameter vectors for cach cancer site were randomly
sampled from multivariate normal distzibutions with means and covariant
matrices given by their maximum likelihood estimates. Any components
that showed marked skewness were adjusted by multiplying the deviations
of the sampled value from their means by the ratio of the likelihood-based
to asymptotic confidence intervals for the corresponding 90% upper or
lower tail. Lifetable calculations of risk were repeated for each randomly
sclected sct of parameters, and in this way a distribution of lifetime risk
cstimates was produced.

Figure 4-1 presents results for each sex based on 1,000 Monte Carlo
simulations and lifetable analyscs of the excess mortality risk for all solid
cancers following a 0.1 Sv acute total body dose 10 a stationary population.
Figure 4-2 presents the same results for leukemia. These histograms give a
good idea of the statistical uncertainty in the Committee’s risk models.

Table 4-2 summarizes the resulting 90% confidence limits due to sta-
tistical uncertainty on the lifetime risk estimates for each of three exposure
patterns. The intervals are wide indicating sparseness of data. For the
most part, risk estimates derived from the alternative models described in
Annex 4D arc within these confidence intervals. Not included in Table 4-2
are several additional sources of uncertainty external to model paramecters
that are discussed in Annex 4F. The effect of these external sources of
uncertainty on the risk estimates is not as well quantified as the uncertainty
due to sampling variation shown in Figures 4-1 and 4-2; however, they
probably contribute comparable uncertainty. The Committee’s analysis in
Annex 4F indicates these external factors increase the confidence intervals
due to sampling variation in Table 4-2 by about a factor of 1.4.
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Finally, it must be recognized that derivation of risk estimates for
low doses and dose rates through the use of any type of risk model in-
volves assumptions that remain to be validated. At low doses, a .modcl
dependent interpolation is involved betwcen the spontareous incidence
and the incidence at the lowest doses for which data are :wailable, Since
the committee’s preferred risk models are a linear function of dose, little
uncertainty should be introduced on this account, but departure from lin-
earity cannot be excluded at low doses below the range of observation. Such
departures could be in the dircction of cither an increascd or decreased
risk. Moreover, epidemiologic data cannot rigorously exclude the existence
of a threshold in the millisievert dose range. Thus the possibility that there
may be no risks from exposures comparable to external natural background
radiation cannot be ruled out. At such low doscs and do: ¢ rates, it must
be acknowledged that the lower limit of the range of uncertainty in the risk
cstimates extends to zero.
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ANNEX 4A: SUMMARY OF MAJOR EPIDEMIOLOGIC STUDIES
USED IN BEIR V

The Life Span Study of A-Bomb Survivors
Cohort Source and Exposure

A mortlity study (Sh87) of 120,321 individuals resident in Hiroshima
or Nagasaki in 1950 make up the cohort. Among thesc there are 91,228
individuals who were cxposed at the time of the bombing. This cohort
continues to be followed up with deaths routinely determined through the
Japanese houschold registries where ascertainment is essentially compietef
Mortality data for the cohort has been completed for the period 1950-1985.

As discussed in Annex 4B, new dose estimates are now available for
the A-bomb survivors of Hiroshima and Nagasaki. The main difference
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between the old and new dosimetry is that the estimated level of neutron
kerma has been decreased by approximately, an order of ma.gmtudc in
Hiroshima and by a factor of two in Nagasaki. The rcsplt is that the
neutrons are no longer a significant component of the dosc in either of the
two cities.

Mean organ doses have been calculated for twc!vc organs. F9r most
high dose survivors, these doses are determined on an m-dmdual basis which
includes a consideration of local shielding and orientation. ’I’hq number of
survivors in the life span study with new dose estimates, stratificd by the
kerma at the location where they were exposed, is as follows:

Kerma O 0.01-0.05 0.06-0.09 0.10-0.99 1.00-1.99 2,00+

(Gray)
Cohort 34,272 19,192 4,129

size

15346 1,946 1,106

Follow-up

The subcohort of approximately, 76,000 subjccts for which thcfre are
new dose estimates represents over two million person-years-at-risk. A
total of 5,936 cancer deaths have been observed in the sqbcohort {hrsmgh
1985 The number of deaths due to cancer at sites showing a statistically

significant cxcess are listed below.
) Number of Cancer Deaths (Sh87)

leukemia 202 colon 232 ovary 82
esophagus 176 multiple mycloma 36 bladder 133
stomach 2007 female breast 155 lung 638

Incidence data are also being gathered and studied, the most prominent
being data on breast cancer (To87).

Strengths and Limitations

This is the most important single cohort for cslimalfng cancer risk
from gamma radiation. The population is large and lherg isa wide range
of doscs. With these data it is possible to make dclcrmmauox}s of dose-
responsc and the effects of modifying factors such as age fnd lime on the
major cancer sites. The data arc, however, limited at .lhc. lzxgh doscs.by lh'c
uncertainty in the dose estimates for highly cxpos?d lndxv@ua!s.. With t!us
in mind, analyses in this report are carried out using only individuals with
estimated doses to internal organs of less than 4 Gy. » )

The cohort of Japanese survivors is not a normal Jap: 1¢se population,
apart from their radiation exposures. Many young'qdult malf:s were not
present at the time of the bombing, but away in n'nhlary service. It must
be presumed that those who were still in the cities included persons whose
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physical condition barred them from active service. Children of both sexes
and the clderly perished, in consequence of the bombing, at a greater
rate than did young adults. Whilc cxact location and shielding situations
played an important role in determining who survived and who did not,
the possibility must be allowed for that the survivors were, in some sense,
hardier than those who did not. v

It has been hypothesized by Stewart (S84, St85, St88) that increased
deaths, due to infections from suppressed immune function, resulted in
a dose related survival-of-the-fittest plus permanent bone marrow damage
at higher doses. The dose response for noncancer deaths.does, in fact,
have a U shaped behavior, as described by Stewart. However, there does
not seem 1o be evidence of infectious disease; instead the lower mortality
rates in the moderately exposed individuals result from lower rates of death
from a varicty of causes (Da85). It does not appear, at this point, that
these differences in mortality contribute in any substantial way to cancer
mortality risk cstimates based upon data from this cohort.

Ankylosing Spondylitis

Source of Cohort and Exposure

The cohort consists of 14,106 patients treated with radiotherapy to
the spine for ankylosing spondylitis in 87 centers in the United Kingdom
between 1935 and 1954. Of this cohort, 7,431 individuals contributed an
‘average of only 3.5 years of follow-up before they received a second course

of radiotherapy and were then excluded from the study. Because the

radiotherapy treatment was aimed at the spine, a large fraction of the body
received substantial doses of radiation.

Dosimetry

Individual dose estimates arc not available for the whole cohort, but
radiotherapy, records have been extracted for a random sample of 1 in
15 and Monte Carlo methods used to estimate individual organ doses
for 30 organs or regions of the body and 12 bone marrow sites (Le83).
Comparison of the mean marrow dose with earlier estimates based on
phantom dosimetry are in good agreement.

Follow-up

The mortality of the cohort has been monitored using searches in the
Natioqalﬁl;{g?l!h Service central registry for death certificates. Mortality
has been reported to the end of 1982, at which point 727 cancer deaths and
104,146 person-years of follow-up had been obscrved (Da88). Results have
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been reported for a number of sites, but colon cancer has been excluded
because of its suspected association with ankylesing spondylitis.

Strengths and Limitations

This is a large irradiated serics with a substantial number of organs,
including the bone marrow, receiving fairly high doses. The underlying
population is likely to be genetically similar to that of th: U.S. but the
applicability to a general population of the results from suc. patients, who
have a condition that affects several causes of mortality, remains an issue.
Comparisons of the cohort to datc have mainly been made with general
population rates, though it should be noted that a follow-u;. of ankylosing
spondylitis patients not treated with radiotherapy has ind.zated that the
comparison 1o the general population is not likely to be biased by the
presence of the disease (Sm77). Doses were largely unfractionated, and
no individual doses for all cohort members are available Only cancer
mortality, and not cancer incidence data are available for tt = cohort.

Study of Women Treated for Cancer of the Cervix

Cokhort Source and Exposure

The cohort consists of approximately 150,000 women trcated for cancer
of the uterine cervix who were cither registered in one of 19 population-
based cancer registries or treated at one of 20 clinics in a number of
countries. A substantial proportion of these women (approximately 70%)
were treated with radium implants or external radiotherapy, which resulted
in substantial radiation doses to a number of organs close to the cervix and
moderate doses to organs located more distantly in the body.

Dosimetry

The original radiotherapy treatment records of the 4,188 women in
the cohort who subsequently developed a sccond primary cancer were
used to estimate individual organ doses for the organs of interest. Similar
estimates were made for a control series consisting of 6,880 women who
did not develop a second primary.

Follow-up

Follow-up of the cohort was carried out using the population-based

‘cancer registries to identify second primaries occurring in the cohort. As

indicated above, a total of 4,188 such cascs have been identified, and
their prior radiation experience has been compared to that of the 6,880
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age-matched controls in order to estimate the relative risk for the various

second cancers. The results of this analysis have been reported (Bo88).

Strengths and Limitations

This is a very large follow-up study with a substantial number of
cancers for a number of organs of interest. Substan:ial doses were received
by a number of organs, and modcrate doses by a number of others, and
these doscs have been estimated with a good deal of care on an individual
patient basis. The choice of a casc-control analysis in order to make such
dose estimates computationally feasible, however, means that absolute risk
estimates can be made only by imputation. The most serious limitation of
this study arises from the fact that the subjects had all developed cancer of
the cervix, with its many associated risk factors, particularly those relating
to socio-cconomic status. Although an internal contyrol group has been
used in the analysis, extrapolation of the results to the general population
must be made with some caution, :

Canadian Fluoroscopy Study

This cohort consists of 31,710 women, first treated for tuberculosis
in Canadian sanatoria between 1930 and 1952. A substantial proportion
of thesc women were exposed to multiple fluoroscopies in conjunction
with artificial pneumothorax treatment for tuberculosis, and 8,380 (26.4%)
received breast tissue doses of 10 rads or more. The maximum dose
received was over 2000 rads. That part of the cohort which was treated in
the province of Nova Scotia was generally treated in the anterior-posterior

(AP) position, in contrast to the more usual PA orientation in the res

of Canada, and this sub-cohort was therefore exposed to particularly high~
doses to the breast. A similar number of men have also been included in
this cohort, but to date, no analyses have been reported for the males.

. Dosimetry

Individual breast tissue doscs have been estimated for the 31,710
women. These cstimates are based on a count of the number of fluo-
roscopics recorded in the medical records, interviews with a number of
physicians using fluoroscopy during the relevant time period, and on phan-
tom measurements and Monte Carlo simulations (Sh78). Although counts
arc based on individual records, the dose per fluoroscopy is an average
figure which is a function only of the province where most exposures were
received (Nova Scotia vs. the others), and the year the exposure was re-
ceived (after 1945 or before). Doscs to other organs have not been reported
for this cohort.
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: .'FoIlow-up

The cohort has been monitored for mortality between 1950 and 19?0
using computerized record linkage to the Canadian National Mortality
Data Base. By 1980, 482 breast cancer dcaths and 867,541 women years of
follow-np had been observed. Analyses of these rcsult§ have een reported
(Mi88). No cancer incidence data have yet been obtained for this cohort.

Strengths and Limitations

This cohort has reported the largest number of breast :ancer deaths
observed to date in a single cohort, and the exposure is highl, _fracuonated,
and in a North American population. However, these subject§ a!l had
tuberculosis, and although comparisons are made internally within the

* cohort, extrapolations to the gencral population may require caution. Only

organs in the direct beam (notably breast and !ung) are likely to hzfve
received doses leading to any measurable increase in risk, and the averaging
involved in the dose estimation procedure will inevitably lead to some
misclassification of dose. To date, only cancer mortality and not incidence

is available for this cohort.

New York State Postpartum Mastitis Study

Cohort Source and Exposure
The cohort consists of 601 women treated with radiotherapy for post-

together with 1,239 non-exposed women consisting of women with masti.tis
not treated by radiotherapy, and siblings of both groups c¢f women .wnh
mastitis. Doses were received in a small number of series, with breast tissue
dose ranging from 60 to about 1,400 rads. The age range at first exposure
was limited, with few under age 20 or over age 40 at entry.

Dosimetry

Individual breast tissue doses have been estimated for all 601 women
from the original radiotherapy records.

Follow-up

Follow-up to ascertain breast cancer incidence has. be:n carried out
using mailed questionnaires, and results for such im.':ldcnc.e hav.e been
reported for up to 45 years of follow-up (Sh86). During this period 115
breast cancer cases were observed. :

partum acute mastitis in New York State during the 1940’s and 1950’5,{
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Strengths and Limitations

This is a fairly small cohort, with most exposure limited to the breasts, i
The exposure was largely unfractionated, and estimates of breast tissue dose - |
arc probably accurate. However, the interpretation of possible differences * i

in response of breast tissue with an inflammatory condition and subject
to the hormonal changes due to pregnancy compared to the response of
breast tissuc unaflectied by these factors is not clear.

Massachusetts Fluoroscopy Study
Sample Source and Exposure

_The cohort consists of 1,742 women first treated between 1930 and
1956 in two Massachusctts sanatoria, one of which treated only those under
the age of 17. Of these women, 1,044 were subjected to regular fluoroscopy
in conjunction with treatment by artificial pneumothorax, and consequently
received substantial doscs of low-LET radiation to the breast.

‘-

Dosimetry

Individual breast tissue doses have been estimated from the original

“patient records, by interviews with physicians conducting the treatment

during the time period of ‘intercst, measurements on ﬂuoroscoﬁes of the
relevant vintage, and by Monte Carlo simulations (Bo78, Bo81).

Follow-up '

+ The vital status of 97% of the cohort through 1980 has been determined
from hospital records, death certificates, and mailed questionnaires (Hr88).
A total of 74 breast cancer cases have been observed in this cohort, with a
total accumulation of 30,932 women-years at risk.

Advantages and Limitations

. The exposure in this study was highly fractionated, and the population
is a U.S. onc. Dosimetry has been carefully reconstructed and complete
follow-up carried out. The major disadvantage of this cohort is its size,

which is small, thus limiting the interpretation of results within subgroups

of the cohort, Extrapolation of the resulis from a cohort with tuberculosis
to the gencral population, however, requires cautious interpretation. '
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ANNEX 4B: CHANGES IN THE ESTIMATED DOSE
FOR A-BOMB SURVIVORS

The New Dosimetry, DS86

The analyses of radiation effccts among the Japanese A-bomb survivors ¢

in this rcport make use of new dose estimates developed in a five-year
study by Japanesc and American scientists. This binational study resulted
in a new dosimetry system, designated DS86, which is documented in two
recent Radiation Effects Research Foundation (RERF) reports (RERF87,

RERFSS). The reasscssment of A-bomb dosimetry consisted of a careful
review of information on the number of fissions that occurred in the A-bomb -

explosions and detailed calculations of neutron and gamma ray transport
through weapons materials and the intervening air. This was followed by
Monte Carlo calculations of the radiation field within Japanese houses,
which also take into account the shiclding provided by neighboring houscs,
and finally, the organ doses reccived by survivors having various shielding
circumstances, location, orientation, and size.

The calculational program was supported by new measurements of
gamma-ray kerma to roof tiles by means of thermal luminescence and
a reevaluation of the measurements of neutron-induced radioactivity that
were made after the bombings by Japanese scientists. The dose reassess-
ment was reviewed by a National Research Council (NRC) panel which

concluded that the new dose estimates are more accurate and more soundly

based than those used previously, and that they should be used in the assess-
ment of radiation risks (NRC87). Nevertheless, investigations to determine
the precision of the estimated doses and to account for differences between
measured and calculated thermal neutron fluences are continuing.

A Comparison of DS86 and T65D

Doses estimated with DS86 differ from the tentativeé 1965 dosimetry
(T65D) system estimates (Au77, Mi68) used by RERF before 1987 and
by previous BEIR Committees (NRC72, NRC80). Before outlining these
differences, it is necessary to identify the various ways dose estimates for the
A-bomb survivors have been specified, as this can be a source of confusion
when comparing results obtained with the new and older dosimetries.

.ln REREF reports, particularly those on the Life Span Study, individual
survivors are categorized in terms of the incident radiation, i.e., the kerma,
at the location where a survivor was exposed. If a survivor was outside
and not near buildings or other structures, the kerma at this location is the
‘.‘frce ficld tissue kerma in air” (FIA kerma), but more often survivors were
in houses or otherwise shielded. In such cases, the kerma is smaller than
the FIA kerma at the same location.
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" For risk estimation, the mean dose within a given orgaw is the governing
dosimetric parameter. This organ dose is smaller than the kerma due to
. the self-shielding provided by the body itself. How much smaller depends
" on the location of a particular organ within the body and t1¢ orientation of
* the survivor in the radiation field. In this report, as in the BEIR III report,
risk estimates are based on organ doses, not the kerma at a survivor’s
location. This is in contrast to RERF reports on the Lif¢ Span Study in
which results are often reported in terms of kerma.

Because neutrons have a larger effect per unit dose t1an gamma rays,
the quantity dose equivalent is used to express the organ dose due to
both radiations in combination. As indicated in Chapter 1, organ dose
equivalents are calculated by multiplying the organ dosc due to neutrons
by an appropriate value of the neutron RBE and adding tl is product to the
organ dose due to gamma radiation. Therefore, the differ. nce between the
new and old dosimetries, in terms of organ dose equivalent, also depends on
what RBE value is assigned to ncutrons. This point is particularly important
when considering organ dose equivalents under T65D for the Hiroshima
survivors. Because of the dissimilarity between the atomic weapons used at
Hiroshima and Nagasaki, it was assumed under the T65D dosimetry system
that neutrons made a major contribution to the doses at Hiroshima but not
at Nagasaki. The new dosimetry indicates that the neutron doses in both
cities were quite small compared to the organ dose from gamma rays.
Although differences between the two dosimetries vary somewhat with
distance, the following generalitics hold. At Hiroshima, ncutron FIA kerma
is about a factor of ten smaller under DS86 than under T65D. Conversely,
the gamma ray FIA kerma at Hiroshima is greater under OS86 than under
T65D. At Nagasaki, the newly estimated gamma ray and neutron FIA
kermas are somewhat smaller than for T65D. These results are illustrated
in the first panels of Figure 4B-1, Hiroshima, and 4B-2, Nagasaki. The
results shown for Hiroshima are for a distance from gro.nd zero of 1,15¢
meters; those for Nagasaki for 1,275 meters. These are “average” ranges
in that approximately one-half of the collective dose (person rad) was
delivered within these distances in the respective citics.

Although the estimated FIA gamma kerma at Hiroshima is greater
under DS86 than T65D, the gamma kerma to house shiclded survivors is
smaller since the shiclding provided by a house was underestimated under
T65D (Figure 4B-1) This is important since most of the survivors who
received appreciable doses were shielded from blast and thermal effects.
Under DS86, the gamma ray kerma incident on survivors at Nagasaki is
about a factor of two less than under T65D (Figure 4B-2). Conversely, the
amount of shielding provided by the body was overestimated under T65D,
so that in spite of the smaller shielded kerma at Hiroshima, organ doses are
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FIGURE 4B-1 Comparison of T65D and DS86 dose estimates for gamma mays and
neutrons in Hiroshima. - .

slightly higher under DS86 than T65D (Figure 4B-1); at Nagasaki, organ
doses are smaller under DS86 than T65D (Figure 4B-2).

At first glance, the near equality in organ rad under both the old and
new dosimetrics would indicate little net change with the introduction of
the new dosimetry, DS86. This is not always the case. Where neutrons
have been assigned a large RBE, such as in the BEIR III report (NRC80),
they make a substantial contribution to the dose equivalent under T65D
but not under DS86. For a neutron RBE of 20, the dose equivalents in
bone marrow at Hiroshima becomes a factor of two smaller with the new
dosimetry than with T65D (Figure 4B-1). Similar results are found for
other internal organs. For survivors at Nagasaki, the estimated neutron

doses under T65D are so small that RBE has little effect on the estimated
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i “dose equivalent (Figure 4B-2). It is important to note that, compared to

T65D, organ dose equivalents at Nagasaki are somewhat .smaller wfth the
new dosimetsy. Historically, risks have been lou'rer per est.lmated unit dose
or per unit dose equivalent in Nagasaki than in Hiroshima, a difference
that was attributed to the neutrons in Hiroshima. Upder DS86, obserqu
risks per unit dose or per unit dose equivalent are still somewhat k.)w.er in
Nagasaki than in Hiroshima, but the difference is sn}all and not statistically
significant,. Moreover, neutron doses are so low in both cities that the
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FIGURE 4B-2 Comparison of T65D and DS86 dose estimates for gamma rays and
neutrons in Nagasaki. ;
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A-bomb survivor data contain no information on the RBE of neutrons for
human carcinogenesis (Pr87).

The Committee’s Use of DS86

The A-bomb survivor data made available to the Committce by RERF
pertain to the DS86 subcohort used to prepare Life Span Study Report 11
(Sh87). This subcohort is composed of 75,991 survivors for whom sufficient
information was available in 1987 to calculate DS86 dose estimates. ‘This
subcohort is somewhat smaller than the exposed population covered by

T65D dosimetry, because more data on shiclding are required under DS86 . -
protocols to compute a survivor’s dose. Little information is lost by this_

restriction, since those excluded were mainly distal survivors whose shielding
circumstances arc poorly defined or unknown. The sex- and city-specific

- mortality data used by the Committee were stratified in térms of both
the gamma and neutron kerma at the survivor’s location in one of ten
categories. The lower bounds of these categories are 0, 0.006, 0.05, 0.10,
0.20, 0.50, 1.0, 2.0, 3.0, and 4.0 Gy. The gamma and neutron kerma in
each strata is a person-years weighted average for the survivors at risk in a
specified age and city category.

Organ doses were calculated by RERF for each survivor but were not
used dircctly. Instead, average age-specific and city-specific body trans-
mission factors are being used- to estimate organ doses. Organ-specific
transmission factors averaged over survivors of all ages are listed in Table
4B-1. Although there is some variation in the transmission factors for
ncutrons, the high energy gamma radiation from the bombs resulted in
an uncommon degrec of uniformity in the dose to internal organs due to
low-LET radiation (Table 4B-1). Application of the transmission factors
was straightforward. The stomach was used for the category cancers of
the digestive system and as surrogate for all organs in the category all solid
cancers. For the category other cancers, an average transmission factor was
used to cstimate the neutron and gamma-ray dose to relevant organs,

As discussed in Chapter 4, an organ specific dose equivalent for each
strata in the dosc-response regressions was calculated using an RBE of
20 for neutrons. In this regard, it should be noted that the bomb neutron

spectrum at distances where survivorship frequently occurred is considerably -

less energetic than an unattenuated spectrum of fission neutrons. Because
of neutron scattering in bomb materials and well over a kilometer of air,
a large fraction of the neutron kerma is below 1 MEV. For examplc at
1200 meters in Hiroshima, 50 percent of the incident kerma was between
0.1 and 1 MEV (Ka89). In such circumstances, the recoil protons in tissue
have energies of a few hundred keV and are near the LET for maximum
biological cflectiveness (sec Figure 3.3).
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TABLE 4B-1 Averages of the Body
Transmission Factors Under DS86%(Sh87)

. Organ Gamma Neutron n
Bone marrow 0.81 0.37 0.42
Stomach 0.75 0.28 0.40
Colon 0.74 0.19 041

: Lung 0.80 0.33 0.5
"\ Bladder 0.76 0.22 0.
Il Liver 06 0.29 0.3

”" Pancreas 072 0.18 0.42

Breast o A).8S 0.61 0.32

Ovary 0.74 0.16 0.39

Uterus 0.73 0.14 (.40

Testis n 0,78 0.32 0.38

Thyroid . 0.85 .41 0.43

“The body transmission factor is the ratio of the organ dosc
in a male survivor to the kerma at his location, The valucs
in the table are averages for 19,113 survivors and are largely
independent of city and distance but do depend on age (body

size).
® Gamma radiation following neutron capture within the body.

The Committee deliberated on whether risk estimates in terms of
the kerma at a survivor’s location would be a worthwhile addition to this
report but decided against such an approach because the radiation field
from the A-bombs is riot representative of exposure situation ' that are often
encountered in radiation protection practice. Because the g: nma radiation
from the bombs is so energetic, the degree of self-shielding rovided by the
body is small. Moreover, the A-bomb radiation had a substantial vertical

" component which leads to a rather atypical exposure geometry. Effective

application of the.Committee’s risk estimates to other expcsure situations
are dependent therefore on a careful consideration of the duse distribution
within the body and the resultant organ doses, as illustrated in Table 4B-1
for the A-bomb survivors. i

i
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ANNEX 4C: AMFIT

Parameter estimates for the relative and excess risk models used for
risk projections in this report were obtained using AMFIT, a program for
the analysis of cohort survival data which was written by Dale Preston and
Donald Pierce. The detailed cross-tabulations of person-years and cases
used as input 1o AMFIT were generally constructed using PYTAB, which
was written by Dale Preston. Both programs were originally developed for
analyses of mortality and incidence in the RERF Life Span Study. These
programs have been used extensively in recent analyses of the RERF data,
including the two most recent Life Span Study reports (Pr87, Sh87, Sh8g),
and the comparison of DS86 and T65D risk cstimates (Pr88). The programs
were also used by the BEIR 1V Committee in their analyses of lung cancer
risks among miners exposed to radon (NRCS88).

AMFIT makes use of Poisson regression methods for -the analysis
of cohort survival data stratified on time and other factors (Fr83, Ho76,
Ra86, Pi87, Br87). AMFIT computes maximum likelihood estimates of
parameters in a general class of hazard function models, which includes
both excess and relative risk (proportional hazards) models, using a Newton-
Raphson algorithm which is equivalent, for fully parametric models, to the
iteratively weighted lcast squarcs algorithm used for Poisson regression
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in the systems, GLIM (Ba78) and PREG (Fr83, Fr85). _Some of the
:?mlpnler rethive risk modelgvailable in AMI;‘_I'I.‘ can bf’ fit using GLIM or
PREG, and these three programs produce identical estima.es in such. cases.
The committee chose to use AMFIT in the development of risk projection
models because of its ease of use and the broad range of models available
i am.
" m.i.ll\)/:lg%';‘ (t:l:m be used to fit relative risk models in whicl the background
is a function of a large number (possibly several hundred) of stratum param-
cters. In order to avoid the inversion of a (potentially) large matrix in such
cases, AMFIT uses a Gauss-Seidel iteration (Th88). Upon convergence
for stratificd models, the covariance matrix of the non-strata parameters
is adjusted to take into account the stratum parameter estimates. Tch
fitting of stratified Poisson regression models fqr grouped survival data In
which time is one of the stratification variables is closely related to partial
likelihood methods for ungrouped survival data (Co72,.Kz:80). Th? models
used by the committee were generally fully parametric models, i.e., they

id not contain stratum paramecters.
o nFor fully-specified g))arametric models, AMFIT can be useq to pro-
duce residuals and other components for generalized regression diagnostics
(Mc83, Pr81). These statistics were used in some of the goodness-of-fit
ions carried out by the committee.

evaluét:ﬁx;; PC versionsyol‘ AMFIT and PYTAB can be obta.ined from the
Radiation Epidemiology Branch of the National Cancer Institute.
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ANNEX 4D: THE COMMITTEE'S ANALYSIS OF A-BOMB
SURVIVOR DATA

Data Used

As outlined in Annex 4A, the RERF LSS data comprise the primary
data set used by the committee for risk modeling. The data supplied to
the committec by RERF covercd follow-up through 1985 and were the
same stratified data as used by RERF to prepare LSS Report 11. Two
REREF reports have compared risk estimates under the new DS86 and old
T65D dosimetries (Pr87, Sh87). As the aim of this report is to provide risk
estimates based on the best available data, the committee confined itself
1o analyscs using just the DS86 data. The primary data file used by the
Committee contained a total of 3,399 strata, compartmenialized by cancer
mortality at a specific site, person years at risk, age at exposure, time after
exposure, dose, city, and sex. -

The committee combined the cancer deaths into five categories: leu-
kemia, breast, respiratory, digestive and “other” cancers. These broad
categorics were chosen to ensure adequate numbers for detailed model-
ing of modifying cflects without combining cancers that showed distinctly
different cpidemiologic patterns. In addition, studies of the accuracy of
death certificates by specific cause showed that for some sites errors in
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TABLE 4D-1 Effects of Varying RBE on Relative
Risk Models for Radiation-Inducéd Cancer

Dose Coefficients (Std. Dev.)

Leukemia®
(L] y
RBE (Per. Sv) (Per, Sv) Deviance
1 0.257(1).313) 0.310(0.349) 498.40
5 0.254(1).3019) 0.301(0.341) 498.37
10 0.251(0).303) 0.290(0.331) 498.27
20 0.243(0.292) 0,271(0.314) 498.08
50 ,219(0.258) 0.225(1.276) 497.65
Nonleukemia" B
\;‘&/ll
RBE (PerSv) Deviance
1 1.158(0.381) 1,453.34
5 1.113(0.366) 1,452.95
10 1.061(0.349) 1,452.54
20 0.969(0.320) 1,451.95
50 ).763(0.253) 1,451.15

“Linear, ay, and quadratic, a3, coefficients for dose resp nse using
the committee’s preferred model, Equation 4.3; obser ations for

organ dose greater than 4 Sv arc cxcluded, )
b1 inear coefficient a,, for dose response for all solid cancers using
age at exposure and sex as risk fuctors with 10-year minimum la-

tency.

certification were numerous; this was especially true for cancers of the liver

‘and pancreas which were often assigned to stomach cancer on the death
certificates. This provided an additional reason for modelling all cancers
of the digestive system as a group. _

The kerma categories were replaced with the corresponding organ
doses, based on age-, city-, and organ-specific transfer coefficients and an
RBE for neutrons of 20. Table 4D-1 describes the results of varying the RBE
in relative risk models for nonleukemia cancers and leukemia. Although
the slope of the dose-response curve decreased with incrcasing RBE, the
fit of the model (as judged by the column “Deviance”) was unaﬂ'ecte(} a.nd
there was no change in the estimate of any of the parameters for modifying
variables, -

The RERF data show a tendency toward decreased risk per Gy in the
highest dose groups, which may reflect either cell-killing or overestimation
of the doses in this group. The committee considered various ways of
dealing with this problem, including adding terms to the dose-response
part of the model and adjusting the highest doses downward. In the
cnd, it was decided simply to cxclude the two highest dose groups. Table
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TABLE 4D-2 Effect of Excluding High-Dose Groups
on Fitted Dose-Response Relationships

Exelusion Linear Dose Coefficient Score for Adding
(Sv) Per Sv (St Dev,) Quadratic Term
Nonleukemia”
None O.7RI(1).24R) -2.04
~5 0.823(1,274) - 1.88
o ~L969(0.320) ~-0.41
+3 0.980(0.331) -0.31
S22 1.136(0.448) 0.66
Lewkemia®
None 0.575(0.503) .08
5 0.763(0.625) 1.76
8] - 1L482(0.550) 2.14
-3 0.254(0,52t) 1.45
=2 0.050(0.556) 1.49

g . » . . pe e .
Lincar fit using the risk modifiers in the preferred model with an RBE
of 20,

by - . .
Lincar fit using age at exposure and sex as risk modifier with a 10-year
minimum latency and an RBE of 20.

4D-2 illustrates the results of this exclusion on fitted linear models for
nonleukemia and leukemia. For both outcomes, the slope of the linear
dosc-responsc relation is highest when doses over 4 Gy (using an RBE of
20) arc cxcluded. For nonleukemia cancers, there is no sign of a positive
quadratic component at any restriction, but as shown in Table 4D-2 for
leukemia, the evidence for a positive quadratic component is strongest
upon restriction to under 4 Gy. With further restriction, the standard
errors of all model parameters begin to increase to unacceptable levels,

:-Igncc it was decided to restrict all further analyses to the subgroup under
y. , v

Model Selection

While the BEIR III report used both additive and relative risk mod-
els, this committee prefers relative risk models. The relative risk medels
-provide not only a more parsimonious description of the data but also
have additional advantages. For example, relative risks are less affected
by lpsscs of cause of death assignments due o data arising from errors in
certification by site, unless the errors are corf‘elated with radiation dose.
In contrast, absolute risks are strongly affected by losses due to erroneous
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certification. Investigation of the RERF autopsy data base shows that er-
roneous certifications are essentially unrelated to the dose estimates for
A-bomb survivors.

One can show mathematically that the additive rist model and the
relative risk model can be made equivalent if the variables used in the
excess risk terms are also the ones used for estimating the background.
Therefore, this committee does not make a distinction between additive risk
and relative risk models. In BEIR III, however, the excess risk functions for
the additive and relative risk models were either constant or approximately
constant and as such, there needed to be a definite disinction between
additive risk and relative risk. It is clear from the prescnt analyses that
such simple additive or relative risk models do not provide an adequate
description of the data. Therefore, the committee choose to estimate
risk with inclusion of several explanatory variables in the cxcess risk term.
Functionally, the committee chose to use the relative risk fi rmulation with a
stratified or nonparametrically estimated background. The reason is simply
that this avoids using the necessary but complicated functions to estimate
the background.

Three modeling approaches are illustrated in Tablc. 4D-3: additive
risk with its necessarily modeled background; relative risk model with a
modeled background; and the relative risk with the stratified background,
which the committee chose to-use. Three sets of parameters were used in
these illustrated models. They all provide a fairly reasonable fit, although
some of them are statistically superior, based on the values of deviance.
The average risks for these various models do vary as onc might suspect,
However, they are reasonably close to one another, generally within a
factor of 2 and, for the most part, are well within the statistical confidence
intervals given for the committee’s preferred models, which differentiate
between cancer types. '

Previous risk analyses (e.g, UNSCEAR), for the group of all non-
luekemia cancers, have used a constant relative risk model with adjustments
for sex and age-at-exposure. The second model, #5 in the relative risk-
stratified background group in Table 4D-3, is essentially this model since the
coeflicient for time since exposure (0.0775) is effectively zero. This model,
however, provides a significantly poorer fit than the other two models (#4,
#6) as measured by deviance. Sccondly, the risk estimates are considerably
larger than for the other two models.

In Table 4D-3 we have included the risk estimates for acute exposure
at age 5. These values can be quitc large and tend to vary 1o a much greater
degree than the all-age average. This is not surprising when it is realized
that there are few data for survivors exposed at the early ages, because
they are only now reaching the age at which cancer rates are measurable,
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TABLE 4D-4  Excess Risk Estimates and 90%
883z 33z 883 Confidence Intervals with the Preferred Models
SCEIEEE (0.1 Sv Acute Exposure to 100,000 Males of Each
Age)’
828 REZ 3&E 2 Leukemia Nonleukemia
A28 &&%a 322& at Exposure ukem
5 111 (20~ 455) 1,165 (673-1,956)
v 15 109 (21 - 450) 1,035 (642-1,775)
=88 LHY ER¢ 5 2 21130 S04 (272
o0 o [l "] - it 5 _
R == " 32 ' 108 (43-223) 492 (257-883)
55 166 (59-338) 450 (217-515)
65 191 (65-369) 23(3» 2 : ;7;;3)
165 (56-316) 38-233
JRR ¥8R ERR Zﬁ 9% 233—183) 14 (5-44)
#(5%, 95%) 200 replications.
O = O ~ O Mo
2 =9 R R B B .
el E% 55 §33 RE Therefore estimates for the young are, in a sense, a mudel dependent
P e PRI R Rk g
e < extrapolation from the data for older ages. .
E :g '?‘hoe degree of precision in the projections for the cancer risk at.youlr:g
is i i that table for leukemia, the
2838 ZE¥g $228 ages is illustrated further in Table 4D-4. In  leul
E.';é éE § 5 :":n Sg’ cftimated excess risk is 111 cases for exposure at age 5, wnh‘a 90%
°=< ng cT=T s°°° 5 g confidence interval extending from 20 to 455, i.e., the upper bound is abo:t
% % p § 4 times the point estimate. On the otlter. ha.md,.fo.r ages 35, 45, etc., tf g
%a g % g s 28 Y S upper bound of the 90% confidence limit is within about a fact(_)r o
3% 3§ 33 - y i timate. Confidence limits do not vary as much with age
$S .5 §¢ § ©° 8 o of the point es 3 f : s much With age
e T3 ' a = at exposure for nonleukemia mortality (’Ihble. 4D-4): wver )
" A -4 L:', risks for nonleukemia are relatively high and imprecise forde;;}y agtehs at
a i i i neede ore there
by j exposure, so that considerably more experience will be d
£ ’ - - .
N§ § E "f; S Z Z are sufficient data to estimate more precisely the lifetime risks for those
=3 =3 S § § exposed at early ages.
= g
ol E ‘
s § 2 & 2 & + g Alternative Models
L2 ~ e foa) — .g ’
':-E ? :{' ? S § = " The commmee considered a variety of models before selecting the
E % Lé = preferred models described in Chapter 4. Some of these altcrnative models
Se= b -and their deviance are described in Table 4D-5 for the various types of
== o
233 258 qog9 o= T cancer considered in the chapter In each case, model 0 is th;: coer(l;m::)tde: ]z
232 332 Il o § preferred model described in Chapter 4. In general, the preferred m
S sgeg = fit the data as well as the alternatives and have few?r terms, Th1§ was
== . not the sole criterion for model selection. The committee paid particular
g ; attention to how risks were proportioned between various age grg:p;
—rm ree rwal3 3 Lifetime risks following an acute exposure of 0.1 Sv under these mode
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TABLE 4D-5  Alternative Models
Leukemia
3“.0‘13' a; & By B, Ba Bs Bs Deviance
See Equation (4.3) in Chapter 4 for the preferred leukemia model 498.1
! 2087 22060 ~1.921  -1.791  -0.442 -2.030 500.0
2 LA 1975  -2.531 -1.728  -0.688 503.3
3 LROO 2,062 -2348  -1.772 -0.592 -0.753  502.8
where
Ad) = ayd + ayd®
&(B) = exp [By In(7720) + BIn’ (T720) + Baln(E/30) + Byn(TR20)I(E < 20)
+ BsIn(TRO)(E = 15)}
ey = JHIFES20
IE =20 {u if £~ 20
1ifE=< 1§
E < 15) =
KE = 15) {()if[-.‘>15
Respiratary
Model a; Bi Bz Deviance
0 0.635 —1.440 0.710 710.5
1 0.420 0.766 712.7
2 0.869 ~-1.453 711.8
3 0.615 714.2
where
fidy = oy d
8(B) = exp|B,In(T120) + B, I(S)]
_ J1if female
18) = {o if male
Digestive
giodel a B B, Bs B4 Deviance
0.809 ~0.198 0.553 1,191.3
1 0.9 . 0.264 4.455 0.336 1,186.1
2 1.027 ~0.553 -0.219 0.519 1,190.7
3 0.107 2.106 0.412 1,187.9
where
d) = wd

&(B) = exp {B,In(TV20) + B, [(E - 25)/(25 < E <

K25 = E < 35)

IE = 35)

KE < 30)

KS)

+ By I(E < 30) + B, I(S)}

_J1if25<E<35
) otherwise

_[ritE=35
0ifE<35

lifE<30
0if E=30

_ J1if female
0 if male

35) + 10 {(E = 35)]
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Table 4D-5 Continued
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Other Cancers

0
1
2
3

Model o B1
1.220
0.824 ~3.676
1.295 -0.370
1.174
where
fd) = oyd

B2
-0.0464

-0.0225
~0.0542
~-0.0452

B3
0.2843

8(B) = exp[ByIn(T/30) + B(E — 10)/(E = 10)
+ By(E —10)ln{T30)I(E = 10)
+ Bn(TRO)IE < 20))

1ifE=10
KE=10) = {O;fE<10

1if E<20
HE <120) = {0:(5220

B4

- 1.481

Deviance
1,124.2
1,117.0
1,124.0
1,122.3

TABLE 4D-6 Alternative Models—Lifetime Cancer Mortality Risk
per 10,000 Person Sv Acute Dose Equivalent (10° person rem)

Male Female

Age at Exposure 5 45 Avg. 5 45 Avg.

Leukemia

Model 0° m 108 111 75 73 82
1 66 75 66 42 51 48
2 41 65 57 27 45 42
3 44 69 57 29 47 43

Respiratory

Model 0 17 353 188 48 277 150
1 249 246 207 226 207 171
2 65 492 276 26 186 100
3 370 379 316 146 141 113

Digestive

Model 0 361 22 167 655 n 288
1 367 23 164 508 56 222
2 ) 234 12 122 403 60 206
3 412 22 184 637 63 T 274
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Table 4D-6  Continued

Other Cancers

Model 0 787 117 300 625 100 222
1 64 642 a1 46 602 253
2 639 R3S 241 s09 86 184
2 219 121 165 185 109 131

Nonleukemia

Model 0 1.168 402 658 1.457 468 730
1 . 080 912 681 92(0) 886 M7
2 939 500 638 1,078 356 563
3 1.0 s 655 1,108 kX ) 592

“Model U is the committee’s preferred model.

are shown in Table 4D-6 for ages of exposure 5 and 45 and averaged over
all ages. Although the averaged risks generated by the various models are
comparable, this is less true for risks at specified age of exposure.
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ANNEX 4E: MODELING BREAST CANCER

Introduction

A general description of the Committee’s final models for radiation
induced breast cancer incidence and mortality risks was given in Chapter
‘ 4 This annex contains additional information on these models and on
Issues considered-in their development. The topics to be considered herein
include: summary information on the cohorts used; background rate mod-
els; relative versus absolute lime-dependent risk medels; cohort effects; the
shape of the dose-response relationship; and effects due to age-at-exposure
and time-after-cxposure. This annex concludes with a summary of the
parameter cstimatcs in the Committee’s preferred risk models.
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Deécription of the Cohorts

The Committee’s parallel analyses madé use of mortality data from
two cohorts: the Canadian TB Fluoroscopy Study (CAN-TB) (Mi89) and
the subcohort of the RERF Life Span Study (LSS) for which DS86 doses
are available (Sh87). Data from three cohorts were used in the incidence
analyses. These cohorts included: a subset of women in the 1950 to 1980
LSS incidence series (To87) for whom DS86 dose estimates were available
(LSS-I); data on women in thc New York Acute Postpartum Mastitis
study (NY-APM) (Sh86); and data on women in the Massachusetts TB
Fluoroscopy (MASS-TB) cohort (Hr89). In all of thc Commilttee’s analyses,
data on the first five-years of follow-up and, as described below, data on
women with the highest expostres have been omitted, Tables 4E-1 and
4E-2 summarize the follow-up and exposure information for the mortality
and incidence cohorts used in these analyses.

Background Rate Models

For the LSS, and CAN-TB cohorts there were enough deaths in the
zero dose group to allow the usc of internal estimates of the base line rate
for breast cancer mortality. For cach of these series the background rates

‘were modelled as a log-linear spline of attained age with 1 single inflection

point at age 50 and a log-linear trend in the age-specific rates with time
(years since 1945). Table 4E-3 contains the parameter e: limates for these
models as estimated in the Committee’s preferred mortaiity and incidence
models. '

Because the MASS-TB and NY-APM data did not include enough
information on the evidence of breast cancer among une :posed women to
allow internal estimation baseline rates, they were descried using cohort-
specific standardized incidence ratios (SIRs) relative to age- and time-
specific breast cancer rates in Connecticut obtained from the SEER registry
(NCI86). The estimated SIR for the MASS-TB series was 0.75 (90%
confidence interval 0.59 — 0.94) while that for the NY-APM secries was 1.6

'(90% confidence interval 1.3 to 1.9). The difference between these SIRs

was highly significant (p < .001). i

In order to compare Connecticut and Japanese background incidence
rates, a model of the form used for the LSS data was fitted to the Connecti-
cut rates. Figure 4E-1 compares the fitted rates for several birth cohorts.
The fitted age-specific breast-cancer incidence rates in Cunnecticut are 2.5
1o 6 times the corresponding fitted rates in the LSS. The largest differences
are seen in the earlier birth cohorts. Figure 4E-2 presents a similar com-
parison of the fitted background mortality rates for the LSS and CAN-TB

cohorts. :
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TABLE 4E-1  Summary of Cohorts Used for BEIR V Breast Cancer
Incidence Analysis

Person per 1,000

Years Mean Person

Cohont® Subcohort (1.0(0's)*  Cases Dose (Gy)* Yecars
NY-APM TOTAL 4.7 18 2.64
(~1940-1980) Exposed women 13,7 56 2.04 4.08
~ Irradiated breasts 87+ 49 321 5.60
Unirradiated breasts 5.0 7 1.40
Siblings of exposed 16.8 KH 2.27
Unexposed controls 9.4 1S 1.59
Siblings of controls 4.8 9 1.88
MASS-TB TOTAL 36.5 65 1.78
(1930-1980) Exposed 21.2 49 101 2,31
Unexposed - 153 16 1.04
RERF TOTAL © 9403 367 0.39
(1950-1980) Hiroshima 7486 307 0.18 0.41
Dose = 0.005 Gy 3798 170  0.35 0.45
Dose < 0.005 368.8 137 0.37
Nagasaki 191.7 60 0.16 0.31
Dose = 0.005 Gy 99.2 36 031 0.36
* Dose < 0.005 92.6 24 0.26
GRAND TOTAL 10215 550 0.54

“In all three studics only women with at lcast five years of follow-up have been included. In
the MASS-TB and RERF studies women with doses greater than 4 Gy have been excluded,
while in the NY-APM cohort women with doscs greater than 6.5 Gy have been omitted,
For all three cohorts, only women with known doses have been included.

In the NY-APM study both breasts did not receive the same dose. For this reason, time-
at-risk computations in this study were originally done in terms of breast years. These values
were then converted to person years (divided by two) for use in the analyses.

€ Mean doses are weighted by person years.

b

Cohort Effects Under Relative Risk and Additive Risks

The excess relative risk for the evidence of breast cancer in the LSS
was estimated 10 be about 50% greater than that in the two U.S. cohorts,
but this difference was not statistically significant (p = 0.4). There was
no evidence of differences in the relative risk between the NY-APM and
MASS-TB cohorts. The additive excess incidence rates per unit dose in
the LSS were about half of the average for the two U.S. cohorts. This
difference was statistically significant (» = 0.01).

~ On the basis of the Committee’s analyses of these data it was decided
to use a relative risk model in which the excess relative risk was estimated
using the pooled data from all three incidence series, with allowance for

Crude Rate -
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TABLE 4E-2 Summary of Cohorts Used for BEIR V Brca‘st Cancer

Mortality Analyses s
Person Crude Rate
Yecars Mean per 1,000
Cohort” Subcohort (1.000's)  Cases Dosc (Sv)” Person Years
CAN-TB TOTAL 7743 473 0.61
(1950-1980) Nova Scotia
Dose = 0.005 Gy 239 58 246 243
Dose < 0.005 2.3 13 .44
Non-Nova Scotia
Dose = 0.005 Gy 2879 156  0.25 0.54
Dose < 0.005 433.2 246 0.57
RERF TOTAL 1,163.2 153 0.13
(1950-1985) " Hiroshima 844 112 0.14
Dose = 0.005 Sv 490.0 75 032 0.15
Dose < 0.005 3144 37 0.12
Nagasaki 358.8 41 0.11
Dose = 0.005 Sv 163.4 21 0.22 0.13
Dose < 0.005 195.4 20 0.10
GRAND TOTAL 19375  626.0 0.32

“In both studies only women with at least five years of follow-up have been included. In the
RERF cohort worgen with doses greater than 4 Sv have been excluded.
bMean doses are weighted by person years.

TABLE 4E-3 BEIR V Breast Cancer Models—Log Ratc Parameter

.; _:Estimates for the Background Models

Incidence - i
LSS Connc cticut
Effect Estimate S.E. Estimate
Constant 0.97 0.18 2.46
Log(age/50) 3.35 (.41 341
Log(age/50) if (age = 50) -4.50 0.67 -2.51
Years since 1945 0.038 0.006 0.020

Mortality
LSS Canadian TB
Effect Estimate S.E. Estim e S.E.
Constant . : 0.58 0.07 1.3 0.17
Log(age/50) 4.38 0.48 4.35 0.48
Log(age/50) if (age = 50) ~4.71 0.82 -3.57 0.69
Years since 1945 -0.003 0.009 0.021 0.006
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FIGURE 4E-1 Breast cancer incidence in the U.5. (Connecticut) and Japan by attained
age for women who were 15 and 40 years old in 1945.
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FIGURE 4E-2 Breast cancer mortality in the Japanese RERF Life Span and Canadian
TB Studics by attained age for 15- and 40-year-old cohorts in 1945.
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analysis of the breast cancer incidence in these cohort$ (La&0) had suggested
that, while relative risk models provide a better fit within each cohort than
do constant excess additive risk models, the ddditive excess risks averaged
over the (then current) follow-up periods were roughly comparable for
the different cohorts. In contrast, the Committee’s analyses indicate that
constant additive excess risk models do not adequately describe either the
mortality or incidence data. In addition, the Committee’s analyses suggest
that if one allows the additive risks to depend on time, the excess risk
of breast cancer seen in the LSS data is lower than the excess risks in
the U.S. data while the relative risks are roughly comparable. Differences
between the present findings and those of the earlier parallel analyses can
be attributed to various factors, including additional follow-up for the U.S.
cohorts, the introduction of the DS86 doses along with the conscquent
changes in the makeup of the LSS cohort, and the usc of time-variable
cxcess risk models.

For the case of breast cancer mortality, striking and highly significant
(p < 0.001) differences were seen in both the estimated relative and additive
excess risks within the Canadian cohort. In particular, the estimated risks
per unit dose for the Nova Scotia women were about six times those for
women in other provinces. It was suggested that this difference could be
attributed to nonlinearities in the dose-response since the estimated doses
for the women treated in Nova Scotia were much higher than those for
women treated in other Canadian provinces. However, it was found that
the differences in risk between Nova Scotia and the other provinces remain
significant in a linear-quadratic dose-response model. This topic will be
discussed further below,

The estimated excess relative risk per unit dose for women in the LSS
was two to three times that for Canadian women from provinces other than
Nova Scotia and about half that seen for Nova Scotia women, Neither of
these differences were statistically significant (p = 0.12 for the LSS-non-
Nova Scotia comparison and p = 0.2 for the LSS-Nova Scotia contrast).
Since Japanese background rates are considerably lower than those in
Canada, the LSS additive excess risks per unit dose were significantly less
than those for Nova Scotia women (p < .001), but were not significantly
lower than those for other Canadian women (p > .5).

The large, if not always statistically significant, differences in the
magnitude of risk between and within the mortality cohorts complicate
the choice of a preferred model for use in lifetime risk projections. The
Committee’s final choice was to estimate the level of risk per Gy using the
pooled LSS and non-Nova Scotia CAN-TB data, but t, use data on all
women in both cohorts in describing temporal factors affecting the dose
response. This choice was based upon an assumption that relative risks
for breast cancer mortality and incidence should be roughly similar across
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cohorts and a judgment that the cstimated relative risks for mortality due
to breast cancer in the Nova Scotia subcohort of the CAN-TB series were
larger than one might reasonably cxpect on the basis of estimated relative
risks obtained from the incidence data.

In theory, the excess risk of breast cancer mortality or incidence

following irradiation can be described cqually well by suitably rich time- )

dependent relative or additive risk models. Indeed, for the mortality data,
models of cither type with similar numbers of parameters were found to
fit the data cqually well, However, for the incidence data, the relative risk
models considercd by the Committce had fewer parameters and, on the
hasis of deviance comparisons, fit better than did the additive risk models
considered. Based upon these results and the fact that relative risks are less
subject to bias as a result of incomplete (non-dose related) ascertainment,
the Commitice decided to use time-dependent relative risk models for their
lifetime risk estimates for both breast cancer incidence and mortality,

Dose-Response Relationships

There is strong evidence for a flattening of the dose-response curve
at high doscs in all of the cohorts except the CAN-TB series, in which
the curvature appears to be in the opposite direction, i.e., concave upward.
It has been suggested that the flattening in the dose-response function at
doses in excess of 4 Gy or so is the result of cell-killing effects. However it
is unlikely that this:curvature is solely a result of cell-killing since:

1. For the fluoroscopy cohorts (MASS-TB and CAN-TB) the doses
were highly fractionated and it is unlikely that any single exposure involved
doses which were high enough to cause appreciable cell-killing."

2. While it is likely that some survivors in the LSS received doses
large enough to cause cell-killing, there is a large positive bias in the
highest dose estimates as a result of the combination of: (a) random errors
in the dosimetry; (b) the fact that only survivors are included in the cohort.

Since the emphasis in this report is on low dose effects, the committee
decided 1o restrict the dose range in order to eliminate the need to consider
the shape of the dose response at high doses.

‘ Even when the women who received the highest doses are excluded, it

is difficult to rcach firm conclusions about the shape of the dose-response
function at low doses. The incidence data provide weak evidence for
a negative quadratic response (p = 0.1), while the Canadian mortality
data indicate evidence for a positive quadratic component when the Nova
Scotia data are included in the analyses. However, after allowing for
this nonlincarity, a significant difference between the risk per unit dose
in the two Canadian subcohorts remains. In contrast, if one allows for

RISKS OF CANCER—ALL SITES 213

this subcohort difference, the quadratic component of the dose response
is not statistically significant (p = 0.5). Basgd upon these analyses t!le
Committee’s preferred models for breast cancer incidence and mortality
are linear dose-response models.

Effects Due to Age at Exposure Effects

For both incidence and mortality there is a strong association between
age-at-cxposure and the subsequent risk of breast cancer followiflg_ exposure
to low-LET radiation. The general pattern is for the relative risks to
decrease with increasing age at exposure. It is clear that relative risks for
women who are over age 40 at exposure are quite small. There recmains
considerable uncertainty about the excess risk among women exposed unc!er
the age of 10, since these women arc just now reaching ages at which
baselinc breast cancer incidence rates become appreciable.

In the incidence data, it was found that the estimat«d relative risks
for women between 15 and 19 years old at the time of exposure in the
NY-APM cohort were significantly lower than the risks for women initially
exposed at the same ages in the other two cohorts (p = 0.05). Excepl for
this efect, there were little variability and no significant d: Terences in the
relative risk estimates between the 0.9, 10-14, and 15-19 1ge-at-exposure
categories. The estimated relative risk in the combined 0- to 19-year-old
catcgory (allowing for the reduced effect among the NY-APM 15-19 group)
was significantly higher than that for the women in the 20-40 year age-at-
exposure group. For women over age 40 at exposure, the excess relative
risk estimate is about half of that for women who were between 20 and
40 when first exposed; however, this estimate is neither significantly lower
than that for 20- to 40-year-olds nor significantly greater than 0. If one
looks at the estimated excess relative risks for women under the age of 10
at exposure, a similarly ambiguous result is seen. As noted above, the point
estimate of the excess relative risk for this group differs little from that for
the non NY-APM 10- to 19-ycar-olds, but, because of the small number
of cases (23) among women in this age-at-exposure group, their estimated
relative risk is also not significantly greater than 0.

Although attempts were made to model the age-at-cxposure eflects
on incidence as a log-linear trend or log-linear spline, it was found that
these models did not fit the incidence data as well as step functicas with
discontinuities at age of exposure 20 and 40. Thus, in the committee’s
preferred model, the age-at-exposure cffect on the excess relative risk is
modelled as a step function with steps at ages 20 and 40.

In the case of breast cancer mortality, the highest estimated relative
risks were seen among women aged 10 10 14 at exposure. The excess
relative risk in this age group appeared to be significantly greater than that
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relative risk in this age group appeared to be significantly greater than that
for women aged 15-19 at exposure. In contrast to the incidence data, there
is as yet little evidence of any excess risk of breast cancer mortality among
those exposed under the age of 10. However, the risk in this group was also
not significantly lower than that scen among 10- to 14-year-olds. Because
the total number of breast cancer deaths in the youngest age-at-exposure
group is low (7), and because of the suggestion of an elevated risk in the
incidence data, it was decided to pool the 0-9 and 10-14 age-at-exposure
categorics in the final model,

The excess relative risk of breast cancer mortality for women over age
40 at exposure was lower than that seen for women who were between 20
and 40 years of age when exposed (p < (.1); in fact, the point estimate
of the relative risk for this group was slightly, but not significantly, less
than onc. It was found that the variability in the excess relative risk as a
function of age-at-exposure for women who were 15 or over at the time of
exposure was best described by a decreasing log-linear trend in risk with
age-at-exposure. As described in Chapter 4, the committee’s final model
for breast cancer mortality allows for this age-at-exposure trend together
with an elevated risk for women who were under age 15 at exposure. The
function is not constrained to be continuous at age 15.

The Effect of Time-After-Exposure

The Committee’s analyses suggest that for both the incidence and
mortality data the relative risks of breast cancer following exposure to low-
LET radiation are not constant in time. The pattern that emerges from
these analyses is that the relative risk for breast cancer incidence increases
with time until about 15 years zafter exposure then begins to decrease.
Similarly, the mortality data suggest that risks increase for about 20 years
and then begin to decline. The decreases in the relative risk 15 1o 20
years after exposure are of sufficient magnitude to result in predictions of
decreascs in the additive excess risks by the age of 50 for women who were
exposed more than 20 years before. :

For the case of breast cancer incidence, a log-quadratic model in log
time-after-exposure was found to fit the data marginally better than a time-
constant rciative risk model. However, when the temporal pattern of risk
was modeled as a log-linear spline in log time-after-exposure ‘with a knot
at 15 years after exposure, the fit was improved significantly (p = 0.01)
relative to the time-constant model, The primary difference between the
spline and quadratic models is that the spline yields a sharper peak and
a less rapid dccline in the risks following the peak than does a quadratic
model. In order to assess the significance of the decrease in the excess
relative risk after the peak, the committee considered a model in which
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and then remain constant thereafter. The unconstrained spline fit the flata
significantly better than this constrained model (p = 0.0?) .On the basis gf
these analyses the Committee’s preferred breast cancer incidence model is
a log-linear spline with a single knot at 15 years after exposure.

In the case of breast cancer mortality there is a suggestion (p = (?.1) of
a temporal pattern similar to that seen in the incidence d: ta. In particular,
the risk appears to reach a peak at about 20 years after exposure. A log
quadratic function of log time-since-exposure .ﬁt the data slightly be}ter than
a log-lincar spline with a single inflection pomt.kx}ot. .Thc Committee l3as
chosen to use a log-quadratic model for the variation in t :¢ excess relative
risk with time in its preferred risk model for breast cancer mortality.

TABLE 4E-4 BEIR V Breast Cancer Incidence Analysis—Preferred
Model

Effect Estimate S.E. YA RR
Constant -0.73 0.28 -2.61 1.48
Cohort effects

NY-APM [ ~0.80}

MASS-TB | ~0.62)

LSS [1.13]
Age-at-exposure effects

g<e20 P 1.49 0.30 4.97 3.14

0-9 [=0.19)

10-14 [0.31)

15-19 [-0.17)
NY-APM and 15-19 -2.26 1.65 -1.37 1.22

20-30 [-0.34)

30-40 ) [0.34]

40+ -0.90 1.06 —-0.85 1.20
Time-since-exposure (7) effects :

Log(7/30) ~-1.28 0.54 -2.37

Log(7/15) if (T < 15) 6.67 3.92 1.70

NOTES: RR is the relative risk at 1 Gy 30 years after exposure. For ic constant term lh‘is
is the risk for a woman exposed at age 20. For the other estimates RR is the relative risk in

the corresponding subgroup. _ . )
In the fitted model the estimated excess relative risk at 1 Gy is a loglinear function of the

paramcters. Thus the estimated relative risk at dose d is
RR = 1 + dexp(BZ),

where B is the vector of parameter estimates and Z is a vector of covariates. The dose

response is assumed to be linear. o )
Values in [ J's are the signed square roots of score statistics for a test of the null hypothesis

that the corresponding parameter has no effcct. These statistics are asymptoticaily distributed
as standard normal deviates. .
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nglil 4E-5  BEIR V Breast Cancer Mortality Analysis Preferred
e

Effect Estimate S.E. z RR
Constant -0.21 0.50 -0.41 1.81
Cohort effects
.CAN-TB Nova Scotia .14 0.42
CAN-TB Non-Nova Scotia ' [-%Zi] e
LSS {1.35)
Age-at-exposure (1) effects
<18
s L3 .55 2.50
((I; ‘-)- ISVit(r - 15) - 0,06 0.03 -1.95 %
l(l:N . e
(1.28)
o .
2030 "o
" [0.43]
i((:; 40 [0.75]
. [-0.87]
Time-since-exposure (7) effects
Log(7731) - 1.90 0.84 -
Log(7730)**2 -2.22 ]:38 —fg?

NOTES: RR is the relative risk at | Gy 30 years after exposure. For the constant term this

is the risk for a woman exposed at age 15. For the other estimates RR is the relative
B!
S h lati risk in

In the fitted model the estimated excess relative risk at 1 Gy is a loglinear function of the

parameters. Thus the estimated relative risk at dose d is
RR = 1 + dexp (BZ),
where B is the vector of parameter estimates and Z is a vector of covariates. The dose

response is assumed to be linear.

Values in [ ]'s are the signed s isti
quare roots of score statistics for a test of the null hypothesi
that the corresponding parameter has no effec isti ly duibusen
t. These statistics are a. i istri
as standard normal deviates. Fymptoticaly distributed

Assumjng that the risk of radiation-induced breast cancer does not
appear until at least the age of 25, i.e., until the earliest ages at which
naturally occurring breast cancer appears, and allowing a minimal laten

_ period of ﬁvc:, years for women over the age of 20 at €xposure the'committecz
found no evidence that the temporal pattern of risk was a;fected by dose
or age-at-exposure. It should be noted that although a S-year minimum
latency was used in' the development of the preferred model, no excess
breast cancer risk was observed within ten years of exposure. 'I‘l’lerefore in
the calculations of lifetime risk for various patterns of exposure presenleci in
Chapter 4, a 10-year minimum latency was assumed in life table calculations.
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Final Models

The analyses which led to the Committee’s-preferred models have been
discussed in the earlier sections of this annex. Tables 4E-4 and 4E-5 contain
the estimates and standard errors for all of the paramete:s in the excess
relative risk models used as a basis for the breast cancer risk estimates
and lifetime risk projections presented in Chapter 4. These tables also
include score test statistics for some of the other parameters considered in
the modeling. For parameters included in the final models, Wald statistics
(ratios of the parameter estimate 1o its standard error) are given (in the
column labeled Z). The p-values reported in this annex were based upon
likelihood ratio statistics which provide a better guide to the statistical
significance of an effect.
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ANNEX 4F: 'UNCERTAINTY, PROBABILITY OF CAUSATION,
AND DIAGNOSTICS

Uncertainty

Estimates of radiation risks formulated on the basis of epidemiological
data arec far from precise. The data show, as expected, considerable
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sample variation due to the relatively small number of cases in a given
category. Such statistical uncertainties are additional to those arising from
other sources which are not readily evaluated. These include uncertainties
inherent in dose estimates, in the selection of an appropriate risk model,
and in the applicability of risk cstimates measured in one populaton to
other exposed groups.

Population Effects

A Japanesc population is the most important source of data for this
report, and for some types of cancer the only source. Since baseline
(naturally occurring) cancer rates are different in the U.S. from those in
Japan for many kinds of cancer, it is not clear whether cancer risks derived
in one population are applicable to the other, and if so, whether relative or
absolute risks should be used. The answer to this question may vary from
cancer site o site; in fact, it may be that neither absolute nor relative risks
can be extrapolated with assurance.

The general applicability of the experience of the Japanese A-bomb

survivors is uncertain on additional grounds. Most human exposures to
low-LET ionizing radiation are to x rays, while the A-bomb survivors
reccived low-LET radiation in the form of high energy gamma rays. These
are reported to be only about half as eflective as ortho-voltage x rays
(ICRUS86). While that is not a conclusion of this Comnmiittee, which did
not consider this question in detail, it could be argued that since the
risk estimates that are presented in this report are derived chiefly (or
exclusively) from the Japanese experience they should be doubled as they
may be applied to medical, industrial, or other x-ray exposures.

Certification of Cause of Death

An additional source of uncertainty that affects the estimates of risk of
death from specific cancers is the fact that specification of cause of death
on death certificates (the source of data for almost all analyses of mortality)
is not always accurate. The Committee has been provided with data by
the RERF lcading to the conclusion that great specificity as to cancer site
cannot be justified on the basis of certificate-based data (e.g., cancer of the
uterus is reasonably well reported, but not cancer of the uterine corpus).
A further conclusion is that, at least in that body of data, the accuracy of
diagnosis from death certificates declines rather sharply beyond age 75, to
the point that little reliance can be placed on the data for specific sites.
The Committee has refrained from basing analyses on data that it considers
unreliable.
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Sex Differences

Baseline cancer rates differ markedly between the sexcs for most forms
of cancer. The effect of radiation may, then, also be differcnt for males and
females. Scx was included specifically in all of the models that were fitted
except for the group “other” cancers and for leukemia, where the effect
was small and not statistically significant. Where sex is included in the
models, uncertainties associated with sex differences are taken into account
explicitly. Because sex does not appear in the final models for leukemia
and “other” cancers, a residual uncertainty of 10% is assessed in the risk
estimates for these cancers.

Time-Related Effects

It is difficult enough to determine the cancer risk over a lifetime; if one
asks what is the risk at a particular time following exposure, the number
of cases available for analysis becomes so small as to frustrate attempts at
direct estimation of risks. This problem is avoided by estimating instead a
mathematical function that describes the time-course, but that function is
subject to uncertainties of two kinds: the proper functional form to use in
the first place, and the values of the parameters that enter into it

Age-Related Effects

How does radiation sensitivity vary with the age of the person exposed?
Is it true that very young children are at greater risk than older persons?
Is there some age after which sensitivity disappears and there is no risk?
The Committee has addressed these questions explicitly in devising math-
ematical models for cancer risk as functions of kinds of cancer, sex, age
at exposure, and time after exposure (latency). All of these factors were
considered for each site for which models were fitted. For some cancers,
not all of these factors were influential. For example, the leukemia model
does not vary by sex, and the model for respiratory cancer does not depend
upon age at exposure. An especially difficult problem is encountered at the
very youngest and oldest ages; since there were few cases of breast cancer
in women more than 55 years of age at the time of exposure, the risk of
breast cancer in such women is poorly estimated. Similarly, since there
is no follow-up information from the Life-Span Study until 5 years after
exposure, the risk of death from leukemia after a latent period of S years
or less are rather uncertain. It will be noticed, however, from the accompa-
nying table of uncertainty that large geometric standard deviations usually
apply to quite small estimates of risk, so that although the uncertainties
may be large as proportions of the risk estimates, their absolute values are
not large. :
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Shape of the Dose-Response Curve

Is the cancer risk from a given dose of radiation strictly proportional
to the dose? Are larger doses more effective than linear extrapolation of
low dose risks would imply? Are the effects of repeated doses, separated
in time, the same as if the entire dose had been delivered at once? Are
the effccts of a given total dose received at very low dose rates the same
as thosc from the same dose at high dose rates? Are there doses so small
that they have no effect? Specifically, since the effects are measured in
populations that have had rather large doses delivered at a very high dose
rate, how shall we use that information to assess the effects of small doses,
received at low dose rates? The latter problem is faced by those who must
cstablish limitations for occupational and general population cxposures. As
is suggested in Chapter 1 of this report, it may be desirable to reduce the
estimates derived here by a “Dose.Rate Effectiveness Factor” (DREF) of
about 2 for application to populations or persons exposed to small doses at
low dose rates. On the other hand, as mentioned above, the estimates could
be too small by a factor of about 2 for application to the consequences of
X-ray exposures. It may be that these two factors (DREF and the relative
biological cffectiveness of gamma rays) could, in some cases, simply offset
each other. :

Procedures Employed

The approach taken here follows that used by the NIH Committee
in its report on the Radioepidemiological Tables (NIHS8S5). In brief, that
approach is to assess the magnitude of the error that may be attributable
to each independent component of an estimate and then to combine the
individual estimates into an overall estimate. Some of the components
of error, such as the statistical variability in the number of deaths in a
population group, can be evaluated in a conventional way; others, however,
like the uncertainty associated with the application of risks in a Japanese
population to a U.S. population, cannot be evaluated objectively. Instead,
We resort to a consensus of expert opinion as to the uncertainty, expressed
in a number on a scale commensurate with ordinary statistical measures of
variability.

Uncertainty is cxpressed as the “Geometric Standard Deviation,” (or
GSD), that is in ratio terms; by an uncertainty of 1.2 (20%) it is meant
that the range of uncertainty of the estimate is from its. value divided by
1.2 1o the value multiplied by 1.2. If, for example, some excess relative

risk is estimated o0 be 0.3 per Gy, with an uncertainty (exp o) of 1.4

(o = 0.336), we would mean that it is believed that the chance is 68% that
the value lies in the range from 0.3 divided by 1.4 = 0.21 to 0.3 times 1.4
= 0.42. We call such an interval a “68% credibility interval.” We use the
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term “credibility interval,” instead of the commenly used statistical term
“confidence interval” because the values afe obtained, at least in part, by
judgment, not calculation.

A basic assumption is that the error in the fina. estimate of risk
is distributed lognormally, that is, that the logarithms of the errors are
normally distributed. This assumption gains credibility from the fact that
the logarithm of the total error is the sum of the logarithms of the individual
components of error. There is a well-kknown mathematical result that the
distribution of a sum of variables will be approximatc'y normal, so the
assumption is unlikely to be scriously wrong. In order tc obtain an interval
with any desired credibility coefficient, say 90%, the factor exp (1.645 x o)
would be used. In the example above, o was assumed to be 0.336, so a 90%
interval would require division and multiplication by exp(1.645 x 0.336) =
1.74. The 90% interval on the estimated risk of 0.3 would be from 0.17 to
0.52.

The value of the error attributable to all of the independent sources
is obtained by the usual method of calculation for the logarithmic errors.
That is, if o denotes the standard deviation of the logarithm of the total
error, and o4, o2, etc. denote the standard deviations of the logarithms of
the individual components, then

or = V[(o1)2 + (02) +. . ].
Models used in this report are, generally, of the form:

Excess Relative Risk = D exp {fy + f1.X1 + fa X2 +. .. }.

where D represents the organ dose equivalent in sievert and the X's are
covariates such as age at exposure, etc., and the f's are their respective

coeflicients.
If we denote the logarithm of the excess relative risk by In(R), we have,

then,

In(R) = In(D)+ Bo+ A1 X1+ faXa+. ..

We suppose that the covariates are known without error, only their co-
efficients, which have been calculated from the availatle data, will have
statistical error. Then the variance of In(R), which we call ¥ will be:

V = V(D) + V(Bo) + 2X, Cov(Bo,B1)+: ..

where it is assumed that the error in the dose is indeoendent of errors
in the coeflicients of the covariates. The maximum-lik¢ .ihood fitting pro-
cedures employed supply the variance-covariance matrix applicable to the
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coeflicients, and these values have been used to obtain the variance of V
and its standard crror.

Uncertainties External to the Parametric Model

Although it can be assumed that such factors as age and time of death
arc known without crror, there can be no such assurance concerning the
estimates of radiation dose. Dose estimates for medical exposures are based
upon recorded parameters of the x-ray exposure; such estimates cannot be
exact, but the uncertainty to be attributed to them is not known, Dose
estimates for the Japancse A-bomb survivors are based upon statements
by the survivors concerning their location at the time of the bombing,
their shiclding situation, and estimates of the air dose curves, the exact
location of the hypocenters, shiclding characteristics of building materials
and, for doses to specific organs, the attenuation of external dose by
tissues overlaying the organ of interest. For breast cancer, espccially, the
oricntation of the survivor with respect to the direction of the bomb is of
importance, but cannot be known with any precision, The magnitude of
the uncertainty in the new DS86 dose estimates for A-bomb survivors is
still being cvaluated. Preliminary asscssments indicate that bias in the risk
estimates resulting from random errors in the dose estimates is about 10%
when organ doses are limited 10 4 Sv, as is the case here (Pig9). Further
review of this issue, including the role of bias in the estimated neutron
kerma, is required. ’

Although the magnitude of some of the sources of uncertainty (such
as the effect of statistical variability on risk estimates) can be evaluated
explicitly, others, like the error of “transportation” (application of risks
determined in one population to another population) cannot be. In such
cases we rely on consensus judgment; we judge what is the range within
which it is believed that the variable lies with 95 percent “credibitity.” A
“standard deviation” can be obtained by dividing the width of that range
by 3.92. All of the standard deviations, both those actually calculated
and those estimated as just explained, can be combined by the methods
described above to obtain a combined measure of uncertainty which we call
a “standard crror” and used to obtain “credibility intervals” by the same
procedure that would be used to obtain “confidence intervals” were the
uncertainty measures really statistically determined standard errors.

The sources of uncertainty that can be evaluated in a straightforward
way, using conventional statistical theory, are those that derive from sam-
pling variability as it affects the fitting of specific models for the excess risk
of particular cancers that result from radiation exposure. Such models have
been fit for cancer mortality from leukemia, and for cancers of the respira-
tory system, the digestive system, the female breast and other sites. Most
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of the models have used the data on the Japanesc A-bumb survivors, for
whom 40-year follow-up data have been m?_de available by the Rad.xz.mon
Effects Research Foundation. As discussed in Annex 4E, several additional
sources of epidemiologic data have been used for breast cancer.

Our task has been somewhat simplified by the fact that several .of the
factors that contribute to uncertainty, mentioned_ above, vyet:e consnfiered
explicitly in the model-fitting procedurcs, anq their uncertainties are incor-
porated in the model uncertainties. These mcludg age at exposure, tch
from exposure (latent period), sex, and thc_possnblc contribution 9f the
square of dose in addition to radiation dose itself. Only ft‘)r-leukem.la .\;{as
the dose-squared factor significant. In any case, the statistical variability
of the models includes the contributions from a.ll of these factors. The
most important element that is not accour}ted:;'.or in lh.c models th_emsc}ves
is the population factor, that is, the apthabu:ty of _rls}s dete.rr.nmel(: ina
Japanese population to populations of different ethm.c ¢ mposition, having
different diets, industrial exposures, and, generally, diffe: :nt l-lfc styles. Fgr
cancer of the breast, however, data were available for mol:tallty not only in
Japanese but also in Canadian and U.S. women. Inlcreslmgly, for reasons
that have not yet been elucidated, the only important dlgrercnces were
within the Canadian series, where it appeared that women in Nova Scotia
had significantly different risks from those in othcfr parts of Canada and
from the other series. Apart from the Nova Scotia series there were no
significant differences among the other series. We evaluate the Populatxon
uncertainty at 20%, that is, gpe GSD corresponds to an uncertainty factor
o 1.fﬁ;nolher source of uncertainty, which cannot be captured by usual
statistical methods, is possible mis-specification o{ the model ﬁn?lly fitted
to the data. Many variables (factors) were considered as cz‘l‘ndxdgt.es for
inclusion in the final models; those selected were often the “best” in the
statistical sense. Nevertheless, there can be no assyrance that lhe_models
finally chosen were “correct” in that the facto!s m(fludt:d were just the
right ones. The importance of possible mis-specification was evaluated by
considering the variations in estimated risk for the fitt« d d.xﬂ‘crcnt models
described in Annex 4D, weighting the risks from the various moc.lels by
the reciprocals of their deviances. By this test, model nus:specrﬁcatlon for
males (1.16) was larger than for females (1.08). For children aged 5 at
cxposure, the mis-specification uncertainty is about 1.55 for both sexes.

Results

Uncertainties that result from the model fitting arc displayed .in .'Ihb!e
4F-1. Unlike the Monte Carlo generated estimates of ur_lcqrtal-nues in
lifetime risk given in Chapter 4 and Annex 4D, the uncertaintics in Table
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4F-1 arc shown explicitly as functions of age at exposure, latency and sex
when these factors are significant. This level of detail is not practical with
Monte Carlo techniques. It will be seen that the models for respiratory
and digestive cancers do not show risk variation by age at exposure, so that
the uncertainty factor for each sex varies only by time after exposure. For
leukemia and the group “other cancers” there is significant variation by
age and latency, but sex seems not to play an important role. The possible
effect of sex on the uncertainty in these two cases is considered below,

In general, where data are relatively sparse, as is true for leukemia,
the uncertainties are large, varying from nearly 2 to 8 for different ages and
latencics. Uncertainties are usually not large for respiratory or digestive
cancers or for breast cancer except for a short latency of 10 years.

Uncertainties not accounted for in the model themselves (referred
to as non-model) derive from population differences (e.g., Japanese vs.
Caucasians vs. Blacks) and uncertainty in the dosimetry estimates. The
Committee’s assessment of the magnitude of their contributions in terms
of geometric standard deviations (GSD) are:

(A) Model mis-specification

Males :1.16
Females :1.08
(B) Population differences :1.20
(C) Dosimetry system :1.10
(D) Sex (lcukemia and “other” cancers) :1.10
TOTAL GSD
All Except Leukemia “Other” Cancers and
and “Other” Leukemia

Males Females Males = Females
1.